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Large deployment of distributed generation and electrical vehicles into the grid will have 
significant impact on the stability and quality of power supply. Distributed generation may 
lead to over voltages at the distribution network and may cause protection problems due to 
reverse power flow. The move to replace conventional vehicles with electric vehicles will 
increase demand on the power grid due to the need to charge large number of EVs and high 
battery capacity. However, electric vehicles may be used as storage to support the grid, if 
properly controlled and managed. These two issues will have large effects on the future 
development for the grid and EV industry. Therefore, there is a need fully evaluate their 
impacts and provide solutions to any potential problems. 
Previous work has addressed the impact of distributed generation and EV charging 
profiles on the performance of distribution networks. The research presented in this thesis 
investigates the combined impacts of distributed PV generation and EV charging on the grid, 
identifying synergies and potential optimal control strategies. The effects of PV generation 
and the possibility of managing EV charging to deal with these effects are addressed. 
Evaluation of the effects of different charging profiles on battery degradation has been 
conducted and Lithium-ion battery characteristics are analysed in order to define best 
charging profiles. The results reveal that controlled charging is essential to reduce the impact 
of EV charging on the grid and even to use the EV to support the grid. Further, pulse charging 
profiles are proposed and described in this thesis, which have the advantages (over standard 
charging) of extending battery life and improve battery performance. The results presented 
also show that with the proposed charging profiles, the ability to use EVs to support the grid 
in V2G mode becomes more realistic.  
Based on the analysis conducted, a smart EV charge controller has been developed in a 
laboratory environment. Simulation and experimental tests were conducted and results 
obtained demonstrate the ability of the controller to meet the EV requirements whilst 
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The development of technology throughout the last century brought significant changes 
to our planet. The most negative impact is increased pollution and climate change. Electric 
power generation, transport and residential air-conditioning are the main contributors to 
greenhouse gas emissions [1]. Therefore, significant research is being conducted to address 
this issue. Potential solutions are to replace fossil fuels with renewable energy (RE) and to 
electrify the transport sector. Most renewable energy sources are connected to the 
distribution network through so-called distribution generators (DGs) [2]. The output from 
renewable generators (RGs) is intermittent and therefore at high rates of RGs, this may cause 
instability in the power distribution grid [3, 4]. In addition, the generation of renewable 
energy is intermittent and not “dispatchable”. Therefore, the power generated needs to be 
consumed at the same time as it is generated if no storage is available as shown in Figure 1.1 
[5].Conventional vehicles depend on fossil fuel and therefore have a large effect on the 
environment and climate change. Today there is a lot of interest in replacing them with 
electric vehicles (EVs). EVs have better efficiency and produce zero emissions if charged 
with electricity prodused using renewable energy [6]. 
Lately, there has been increasing interest in EVs as a solution to reduce pollution from 
the transport system. EVs need the batteries to be recharged from the electricity grid, which 
may increase the peak load demand [7]. Most EV owners will be tempted to charge their 
cars after arriving home around at 6.0 p.m where peak demand starts as shown in Figure 1.1. 
The high deployment of EVs will add a heavy load to the distribution grid, and this may 
cause an overload of the grid equipment and instabilities in the system’s voltage [8-10].  
The EV may be considered as a mobile form of energy storage and therefore it can provide 
grid support if appropriately controlled, in new concepts referred to as smart charge control 
and Vehicle to Grid (V2G). Research is ongoing to find a controller that allows EVs to be 
charged or used as storage [11] in order to prevent or reduce any negative effects during 









In contrast to conventional rechargeable batteries, Lithium-ion batteries have high energy 
density, higher operating voltage, need low maintenance, have a long lifetime and involve 
no memory problems. These characteristics have made lithium-ion batteries the leader for 
portable devices and e-mobility, as these need high power and energy capacity to fulfil their 
requirements. On the other hand, Lithium-ion batteries are costly and need special sell 
management and protection as well as adequate thermal control to avoid thermal run away 
and risk of fire.  
There are many factors which affect the introduction of the EVs as a replacement for 
internal combustion engine (ICE) vehicles, including those influencing EV implementation 
itself and those concerning the effect of EVs on the power grid. Several factors may effect 
EVs implementation and these could be separated into internal and external factors [14]. 
Internal factors which relate to the EV itself include the cost of the EV and batteries as well 
as driving range and charging time [15]. While external factors include fuel prices and the 




availability of charging infrastructure. The battery is the most expensive part of the EV. Its 
performance and cost are determined by the battery type (Chemistry), operating conditions, 
temperature and charging method. EV costs are largely affected by battery prices. Figure 1.2 
[16] shows a comparison between the EV and vehicles with an ICE, which demonstrate the 
need to improve EV manufacturing technology and reduce battery costs. Uptake of EVs is 
also influenced by the cost of charging (fuel) and the availability of charging infrastructure. 
Charging costs can be reduced by charging at off peak (lower price) periods or charging 
from renewable energy. In addition, increasing the number of charging stations will support 




The manufacturing costs of the EV battery represents nearly half the cost of the vehicle, 
making the overall EV cost higher than vehicles with internal combustion engines (ICEs) 
[17]. One of the solutions to this problem is to reduce the manufacturing cost of the battery, 
and another solution is to extend the battery life and using as a second life for energy storage 
[18-20]. The standard battery end of life is set at 80% of initial capacity [21]. Although, 
Recycling Li-ion battery is currently expensive but the research continuous to make it more 
effective specially with predication of increase in using EV [22-24]. 
 




Currently, the number of the EVs is low but increasing rapidly (as described in 1.2). 
Charging of a large number of EVs will cause a significant increase in power demand on the 
grid because of the large capacity of the batteries [25]. This may lead to overloading of 
transformers, dropping in network voltages, frequency fluctuations and extra power losses 
during certain periods of the day. 
Controlling the charging process of EVs could reduce their impact on the power grid. In 
addition, the use of EVs as storage could support the grid by controlling frequency 
fluctuations, dealing with renewable energy intermittency and balancing peak demand by 
using V2G.   
Implementing EVs for grid support would accelerate battery degradation and EV users 
need to be compensated for the cost of battery degradation. In addition, solutions to reduce 
battery fading need to be sought, which is one of the main reasons of the present study. EV 
batteries suffer from reduction in their capacity according to the number of recharging cycles 
experienced. There are many factors which affect battery degradation, such as temperature, 
state of charge (SOC), depth of discharge (DOD) and maximum charging voltage [26, 27]. 
In addition, the internal resistance in batteries increases through battery fading and plays an 
important part in the degradation process and EV performance. Battery fading is the way to 
describe battery energy and power losses through usage or storage [28]. 
Electricity demand is affected by several factors. The first is the time of day, since load 
demand changes widely over 24 hours, especially in winter between periods off-peak and 
peak demand. The second factor is the season of the year because power demand changes 
according to the climate (temperature) and people’s activity levels. In addition, demand 
varies between weekdays and the weekend. Figure 1.3 shows daily demand profiles in the 
UK during weekdays and weekends in the summer and the winter; demonstrating that in 
winter there is a peak demand during the period 17.00-22.00, whereas in the summer there 






Figure 1.4 shows the amount of greenhouse gas (GHG) emissions in the UK over the 
period 1990-2012. Concentrating on the transport sector, it can be seen that emissions are 
similar over this period with reductions of about 3 % since 1990 [1]. Transport is the second 
largest GHG emission after the energy supply sector, and is responsible for 23 percent of 
emissions, as shown in Figure 1.5 [30]. The manufacturing GHG emission of BEV is higher 
than ICE as shown in Figure 1.6 [31]. Because, the manufacturing of EV battery consumes 
more energy to prepare battery materials which results in higher GHG emission in compare 
to ICE vehicle. On the other hand, the GHG comparison between ICE and EV overall is 
shown in Figure 1.7, where the calculation made over the emissions generated from 
manufacturing process and fuel cycle [32]. Meanwhile, the life-cycle of EV tends to produce 
less emission depends on fuel used as it is clear in Figure 1.7 where Norway and France have 
lest EV emission due to use RGs as a mainly source of energy. Therefore, the overall results 
trends in lower EV emissions.   
 
















































Figure 1.4: The UK greenhouse gas emission, 1990-2012 [1] 
 









Figure 1.6: Manufacturing emissions of ICE and BEV vehicles [31] 





Vehicle trip distances and departure time vary according to user behaviour. According to 
National travelling survey [33], the average vehicle departure time varies according to the 
time of the day and day of the week. Figure 1.8 shows that there are two main departure 
periods during the day on a weekday. The first is 7.00-9.00 in the morning, when people 
leave to go to work, and the second period is 15.00-19.00 when people return home from 
work. At weekends, most departures occur in the middle of the day. The probability of each 
trip distances can be shown in Figure 1.9, indicating that around 56 % of trip distances are 5 
miles or less; and about 20 % of trips cover less than 10 miles [34]. In addition, the average 
daily vehicle miles equals 28.97 in 2009 according to summary of travel statistics [35]. 
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According to a survey of the reasons preventing people from buying EVs, Figure 1.10 
[36] shows that the three main reasons are recharging time, battery energy density and cost. 
First of all, the limited number of charging stations defer most people from buying EVs. 
Secondly, EV battery capacity and the expected driving range also affect the use of EVs. 
Finally, EVs are still more expensive compared with ICE vehicles. The present project looks 
to improve some of these reasons. 
 
































1.2 Electric Vehicles: Challenges and Opportunities  
In the last decade, the world has begun to replace conventional vehicles with electric and 
hybrid electric vehicles, as a solution to GHG emissions. Figure 1.11 [37] shows the numbers 
of licensed electric vehicles in UK, which indicates how fast people are moving to use EVs. 
This trend will help reduce gas emissions and, because of the use of the EV batteries as 
storage for electricity, renewable energy efficiency and grid stability could be improved by 
the optimal control of EV charging. However, difficulties such as limited battery life and 
battery storage capacity may restrict the uptake of EVs. In addition, Figure 1.12 shows the 
expected increase in numbers of EVs which will reach 35% of total vehicles by 2040 [38]. 
Moreover, the prediction relation of ICE, HEV, BEV etc. are illustrated in Figure 1.13 [39]. 
This number indicates that a significant amount of electricity will be required, and this needs 
extra investigation and analysis in terms of the impact on the power grid. 
Researchers are trying to understand possible impact of the introduction of EVs on the 
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energy sources when there is surplus generation has two advantages. First, the impact of 
intermittent renewable generation on the grid will be reduced, and second power from 
renewable energy can be saved for use when load demand is high (V2G or V2H). However, 
the opportunity to use EVs to support the grid (V2G) is restricted by battery degradation, 











Figure 1.13: The predictions of global vehicle sale of ICE and non ICE vehicles up to 2030 [39] 




1.3 Aims and Objectives 
The aims of this project is to develop a smart charging controller to enable controlled 
charging of electrical vehicles without overloading the grid (G2V), reduce the effect of 
battery degradation, increase charging from renewable energy and satisfy the requirements 
of EV owners by lower charging costs. The project also aims to investigate the use of V2G 
to support the grid, the impact this has on battery degradation and how smart controlled 
charging can help in reducing this impact. 
The objectives are as follows: 
 
 Research the key factors that affect power grid performance in relation to EV 
charging and renewable energy generation. 
 Investigate EV user behaviour, PV generation profiles and develop charging profiles 
to match renewable energy generation. 
 Investigate controlled charging (G2V) and V2G and the potential benefits brought to 
the grid and EVs. 
 Test and analyse factors affecting battery degradation. 
 Define and develop the specifications of a smart EV charging system. 
 
1.4 Original Contributions 
The main contributions of this theses are: 
 Analysis of smart EV charging environment and development of a smart prototype 
EV charger that optimizes vehicle charging in order to meet EV user needs, support 
the grid, charging mainly from renewable energy and minimizing the effects on 
battery life.  
 An analysis of the combined impact of renewable energy generation and electric 
vehicles on power distribution networks has been conducted.  
 Analysis of charging profiles for Lithium-ion batteries that can reduce battery 




 Assessment of the factors affecting battery cycle life fading, and provide 
recommendations for an optimum charging technique to extend battery cycle life. 
 Development of smart charger controller experiment. 
 
The above original contribution has resulted in the following publications: 
 A. A. A. Al-karakchi, G. Lacey, and G. Putrus, "A method of electric vehicle 
charging to improve battery life," in Power Engineering Conference (UPEC), 2015 
50th International Universities, 2015, pp. 1-3. 
 A. A. A. Al-karakchi, G. Putrus, R. Das and R. Binns, “Smart EV Charging Profiles 
to Extend Battery life”, in Power Engineering Conference (UPEC) Crete, September 
2017. 
 S. Nagamitsu, R Gondo, N. Nagaoka, A. A. A. Al-Karakchi, G. Putrus and Y. Wang, 
“A Novel Battery Diagnostic Method for Smart Electric Vehicle Charger”, in Power 
Engineering Conference (UPEC), UPEC2018. (Accepted) 
 A. A. A. Al-Karakchi, G. Putrus, Z. Gao, G. Lacey, and R. Binns, “A modified 
Battery Charger for Electrical Vehicles: Managing Power Flow to EV”, Northumbria 
University PGR Conference, 2015 (Poster) 
 A. A. A. Al-Karakchi, G. Putrus, and R. Das “Control Charging Profiles to Extend 
Battery life”, Northumbria University PGR Conference, 2017 (Poster) 
 Journal paper: “Charging Profiles to extend Lithium-ion Batteries Life” prepared for 
publication. 
1.5 Overview of the Thesis 
Chapter 2 presents a literature review and critical appraisal of previous research related 
to renewable generation (Photovoltaic), smart charging of EVs, Li-ion battery degradation 
and associated charging profiles. Chapter 3 presents relevant information about lithium 
batteries including, their characteristics, degradation factors and modelling. The chemical 
behaviour of Li-ion batteries makes many factor affect performance and aging. Addressing 
the contribution of these factors support extending battery life by optimizing charging 
process. Chapter 4, details are given of standard and proposed battery charging profiles and 




charging profiles and the possibility of improve battery responses. Based on the results, there 
is clear effect of charging profile on battery degradation and performance, smart charger 
designing with lower battery degradation could be build. Chapter 5 presents the results of 
analysis of the combined effects on the power grid of renewable energy generation and the 
introduction of EVs. In this analysis, it illustrates that an optimal way to manage battery 
charger to reduce impact and improve renewable generation could be structured. Chapter 6 
presents the system design and development of the proposed smart charger and analysis of 
the simulation results obtained using Matlab-Simulink software package. The proposed 
smart charger results agreed with previous analysis in Chapter 5. Chapter 7 describes the 
development of an experimental laboratory model of the smart charger and presents a 
validation of the simulation results. The experiment model shows the possibility of smart 
EV charger to support user requirements, grid condition and renewable energy. Finally, 
Chapter 8 presents the study’s conclusions and recommendations for future work. 
 
1.6 Summery 
In this chapter, a brief description of the thesis background, covering issues of replacing 
internal combustion engine with electric vehicles as a possible solution for greenhouse gas 
emission as well as the impact of electric vehicles and the possible solution. The general 
profiles of vehicle user driving, e.g. journey length and departure time are investigated. The 
aims, objectives and main contributions of the thesis were presented in addition to the 











2 Literature Review and Problem Statements 
In conventional electric power systems, electricity is generated from central power plants 
and sent to consumers through transmission lines and a distribution grid [40]. The 
introduction of DGs, which are usually located close to the load, have an impact on power 
flow during normal and fault conditions [40-43].  
Electric Vehicles (EVs) need to be charged from the power grid. The capacity of a 
medium size EV battery is around 30 kWh, as in the Nissan Leaf [44]. Charging of EVs will 
increase the demand on the grid in line with the increasing number of EVs. In addition, most 
EVs owners will plug in their vehicles for charging at the end of the day between 5.00-7.00 
pm in the evening, which is the peak time for daily electricity demand. On the other hand, 
using the EV battery as storage for the grid could help in balancing supply and demand and 
therefore stabilising the power grid [12]. Research has shown that charging EVs without 
coordination may lead to the overloading of distribution transformers and feeders [7, 45] as 
well as causing load voltages to drop below the statutory limits. This could result in 
increasing operational costs, higher power losses and damage to equipment due to poor 
power quality [10].  Charging of EVs during off-peak periods (after midnight) has 
advantages not only in terms of low prices but also in improving the load factor by reducing 
peak demand [46, 47].  
2.1 Renewable Generation 
Solar photovoltaic is the main local renewable generation used by residential houses. 
Photovoltaic (PV) systems are the most suitable local generation due to their advantages of 
easy to instil (building roofs, car parking shades and etc.), environment friendly (GHG free 
and noise less). However, working on sunny days only and intermittence in generation are 
the main PV limitations which could affect grid stability [40]. A domestic PV system has a 
high installation cost which is recouped over the lifetime of the system, beyond 10 years.  
Improving the PV systems efficiency through increasing its utilisation for example by 
connection with a storage system, could save the generated energy and use it when sunlight 




from excess PV generation. However, the cost of a storage solution is approximately equal 
the cost of a PV installation shown in Figure 2.2 [49]. Directly connecting a solar PV system 
to the grid has the advantage of reducing local storage costs. However, it has the 
disadvantage of potentially causing power fluctuations in the grid due to the episodic nature 
of solar irradiation.  When we couple solar PV generation and an EV system we gain many 
advantages. Specifically, the capture and storage of energy from PV to EV, the ability to 
reduce the impact of EV on the grid, the use EV can support any potential grid fluctuations 
V2G, and furthermore can potentially reduce peak load demand on the grid via V2H. 
Energy storage system represents good solution for surplus renewable energy at off peak 
period [50]. However, the cost is the main barrier. The introduction of EVs with a significant 
battery capacity may support storage for renewable energy system at no or low cost. 
 







2.2 EVs Battery Storage System 
In recent years, there has been an increasing interest in using EVs as a solution for GHG 
emission. One of the most popular EV’s in the UK is the Nissan leaf, which has a capacity 
of ~30 kWh [44], this is the notional example we will concentrate on in all further modelling. 
The EVs with 30kWh storage capacity, and low average daily use are only using around 
50% of the battery capacity [35]. Therefore, we could utilise 40-50% of the battery capacity 
as a storage solution. 
The benefit of using EV batteries as a storage solution has many advantages to the grid, 
to renewable energy generation and to the EV owner. The grid could benefit from EV storage 
to link generation with demands G2V. Solar PV systems have the benefit of using EV as 
storage, as noted previously, reducing overall system size and cost.  Providing V2G services, 
to balance peak load demands could be a paid income to the EV owner. Moreover, using 
local renewable energy to charge the EV will reduce the charging cost, and may reduce grid 
generated GHG emissions. Birnie [51] has demonstrated the possible advantages of using 
PV at work parks to charge EVs.  




The key problem in the application of EV to local storage is the impact on battery life 
accelerating battery aging. Petersona et al. argued that using EV as grid storage does not 
bring reasonable benefits to vehicle owner [52]. Where within this paper the key aspect of 
the battery lifetime, and replacements costs, reduce any monetary gain to a net zero return. 
This leads onto the need to improve battery technologies or battery charging techniques to 
extend the longevity of the battery; this is one of the main areas this work focuses on.  
2.3 Battery Degradation  
Battery degradation is one of the most important factor to take into consideration in 
controlled charging. It is noted in two forms, a decrease in deliverable energy capacity and 
fading output power as a result of increasing internal resistance [53]. Many studies have 
investigated the factors which accelerate battery degradation. Two types of battery 
degradation have been defined calendar aging and cycle ageing. Temperature, SOC, DOD 
and C-rate are the main factors which affect battery fading. Kaneko et al. [54] analysed the 
effects of temperature and SOC on both the calendar and cycle ageing of Lithium batteries, 
and found that both increasing temperature and higher battery SOC result in increased battery 
fading. According to Kaneko [54], calendar aging occurs alongside cycle ageing. Using 
electric vehicle to provide energy services (e.g. V2G to support the grid) will increase battery 
cycling and therefore increase battery degradation [55]. On the other hand, delayed charging 
could extend battery life due to reduced average SOC. In [56], the effect of temperature and 
lifecycle have been analysed in order to design a management system for lithium titanium 
oxide batteries.   Hoke et al. [57] suggested a compromise among four trends to reduce 
battery degradation, including charging during low price periods, charging slowly, charging 
towards the end of the time available and suppression of V2G power exportation. The effect 
of battery degradation through charging, discharging and reactive power injected/absorption 
with respect to cost was discussed in [58]. Uddin et al. [59] studied the effect of using V2G 
on battery life and compared battery degradation costs with the benefits obtained from 
providing V2G. According to Brenna et al. [60], battery ageing is not affected by depth of 
discharge but by the total amount of moving charge (energy throughput).  
Liao et al. [61] designed a smart charger using two input signals of grid voltage and EV 
SOC to control the charging current. However, they did not check the time needed for 




functionality of using the EV to supply homes and buildings is more flexible than when 
supplying the grid due to efficiency and installation requirements [62].  
2.4 Charging Profiles 
There are some evidence that charging profiles do affect battery degradation, but only a 
limited number of studies have been conducted on this topic [63]. Abdel Monem et al. [64] 
showed that different charging profiles affect the fading of battery capacity. Three type of 
profile were used: constant current (CC), constant current-constant voltage (CC-CV) and 
constant current-constant voltage with a negative pulse profile (CC-CVNP). The results 
show that low amplitude and fewer negative pulses helped in reducing battery fading. In 
another study [65], a fast charger was optimized with different charge rates by applying 
pulses at different C-rates to define the rate of charge that reduced charging time according 
to battery ageing, but not to reduce the effects of battery ageing. Breucker et al. [66] showed 
that there is no clear impact of the current ripple of the charger on battery ageing.  
 
2.5 Smart Charging of EVs 
Managing EVs charging can have significant effects in reducing the impact of the 
introduction of EVs. One of the main objective of using smart EVs charger is to prevent 
charging during grid peak demands by controlling (schedule) the charging time and C-rate 
while ensuring that the vehicle is charged with sufficient energy for the planed journey. In 
addition, there may be other important objectives which smart EV chargers have to achieve 
such as ensuring minimum or no impact on battery health and charging from renewable 
energy generation, whenever possible. Two main concepts of charging of EVs may be 
considered; these are: centralised and decentralised charging. 
2.5.1 Centralised EV charging 
Various techniques have been suggested by Richardson at al. to design controllers that 
can transfer the maximum energy to EVs within the limits of the grid, which has the 
advantage of reducing the needs for grid upgrade [45]. However, the proposed method does 
not take into account neither the requirements of EV user nor the battery SOH. Centralized 




be managed has been suggested in [67]. Smart load management control strategies have been 
proposed to coordinate EV charging in order to reduce grid peak demand, improve the 
voltage profile and minimize power losses [13]. However, these strategies do not consider 
the effects of charging on battery degradation. Three main types of charging profiles have 
been investigated in [68], which are dumb charging, a dual tariff policy and smart charging. 
Dumb charging means that EV owners are free to charge their vehicle at any time in an 
uncontrolled way. The dual tariff policy refers to two electricity prices, one which is cheaper 
at specific periods in time of the night and the other is higher so as to encourage users to 
charge their EVs during the cheaper periods (Off-peak demands). In smart charging methods 
the grid condition is monitored taking into account the requirements of owners, but still they 
do not deal with battery degradation.  
Another study [69] has proposed that peak demands can be reduced and the load curve 
flattened by controlled charging, depending on load curve information at either local (home) 
or global (residential area) level. This method depends on two targets: first, to prevent 
charging at time of peak demands and secondly to flatten the load curve by controlling 
charging rates. Global load information refers to the use of global load signals to manage the 
EV charging strategy. Local or home information refers to use local load profiles to control 
EV charging locally, which involves less complexity than previous methods. Sortomme et 
al. [11] developed an optimized charge strategy according to the two basic variables of price 
and load. The system would work around a preferred operating point which maximizes 
aggregator profit. 
2.5.2 Decentralised EV charging 
The decentralised EV charger is another type of battery charger which is not controlled 
remotely, rather decisions are made locally based on local measurements. Monteiro et al. 
[70] proposed a smart home battery charger for electric vehicles that controls the charging 
process within a maximum allowed level of power, measuring the home load and charging 
in such a way that the overall the home load does not exceed the main circuit breaker level. 
This system does not take into consideration the SOH of the battery or the grid situation. In 
another study [71] a dynamic price was assumed in the design of a decentralised smart 
charger to allow EV charging during periods of low demand, but neither the effects on 




smart battery charger which deals with user’s requirements, monitors grid voltage and 
considers battery SOH. However, in this work, the charging time was spread over the 
plugged EV period and the proposed controller included simple charging current control, 
with no consideration to optimized charging profiles or charging from renewable energy 
generation. A grid interface between the EV and renewable generation was then proposed in 
[73], where the design focused on charging when renewable generation from renewable 
energy is available, but this system does not include schedule charging or concern about grid 
condition into account. 
The research conducted so far has limited consideration to the effect of charging profiles 
on battery degradation and the possibility of charging from renewable energy generation. 
Therefore, charging profiles, battery SOH and renewable energy generation will be 
considered in designing the smart EV charger in this research. 
 
2.6 Summary  
Problem statements and overview of previous research were discussed. The impact of 
distributed generation, mainly photovoltaic systems, on the distribution grid with possible 
solutions were studied. EV batteries have high energy storage capacity and thus charging of 
the batteries will have high impact on the distribution grid. The possibility of using the EV 
battery as energy storage to support the grid was investigated as well as the impact of this 
(and the use of EV for driving) on battery degradation, which is the main factor that 
contributes to the total cost of ownership of the EV. Charging profiled, which influence 
battery degradation, types of EV battery chargers and potential benefits from smart charging 





3 Lithium-ion Batteries for Electric Vehicles 
The energy capacity and performance of Lithium-ion batteries are determined by the 
physical and chemical characteristics of the cells. The physical design determine the capacity 
required for a specific application. The chemical characteristics are the most important in 
determining the capacity, power and degradation features of Li-ion batteries. For these 
reasons, this chapter will focus on the chemistry side and its influence on the degradation 
factors.  
3.1 Li-ion Battery Characteristics 
The chemical characteristics of Li-ion batteries have major effects on defining battery 
capacity, rating voltage and internal resistance. In addition, charging rate and working 
temperature are defined according to the chemical type. The structure of Li-ion batteries 
includes three main parts: positive electrode (normally made from carbon), negative 
electrode (normally made from metal oxide) and an electrolyte (lithium salt). Moreover, 
battery cell has a ‘separator’ which separate the anode from cathode. In addition, to protect 
the electrode from electrolyte decomposition impurity, the manufacture process includes 
creating a thin layer on the electrode surface called solid electrolyte interphase (SEI).  
Solid electrolyte interphase 
Internal resistance is one of the most important factors in determining battery 
performance. It limits the current handling and charge/discharge time of the battery. The 
main factor which leads to an increase in internal resistance is the formation of a SEI. The 
SEI is the result of a chemical process between the electrolyte and the anode, which leads to 
the deposition of a thin layer, as shown in Figure 3.1. It resists the flow of current during 
both charging and discharging [74]. The thin layer of the SEI is useful in preventing the 
intercalation of impurity in lithium-ion transportations. However, with battery cycling and 
temperature effects, this lead to increase SEI layer which slows down the flow current. This 
is reflected in the capability of the battery to hold capacity and supply it. Figure 3.2 shows 


























Figure 3.1: Representation of battery cell [76] 




Chemical reactions in the battery 
The battery cell is a device which converts stored chemical energy into electrical energy 
via a chemical reaction. The chemical reaction that happens during charging has three main 
stages: charge transfer, mass transport and an intercalation process [77]. As shown in Figure 
3.3 charge transfer take place between electrolyte and electrode and this process is rapid, 
which it passes through the surface of the electrode. Mass transport is a diffusion process 
which starts with the transfer of charge from the electrode surface through electrolyte. This 
process takes a long time to complete. The third stage is the intercalation process, and in this 
phase lithium-ions began to insert in electrode material during charge. This process takes a 





Effects of temperature 
Heat is the main factor which affects battery functioning. Lithium-ion batteries charge 
efficiently at high temperature, because it improves the batteries internal resistance. 
However, continuous charging leads to reduced battery health [78]. 
Effects of frequency 
The value of the internal impedance of a Li-ion battery is affected by the frequency of 
charging current. Electrochemical impedance spectroscopy (EIS) (see Appendix A) is an 
important method used to study battery characteristics. Figure 3.4 [79] shows a typical EIS 




diagram revealing the relationship between measured impedances and frequencies applied. 
The curve has three regions: At high frequencies (FH), the material exhibits inductive 
behaviour; at medium frequencies (FM) the material shows capacitive behaviour and at very 
low frequencies (FL) a diffusion behaviour appears. The x-axis of the graph equivalent to the 
resistive value (Z1) and the y-axis is equivalent to the reciprocal sign of reactance value (-
Z2). The optimal frequency is the frequency which make battery equivalent impedance works 









Internal resistance of the battery 
Since it is made of electrochemical material, the battery cell has resistance. But this 
resistance has special characteristics depending on several factors.  Wang et al. [80] tested 
battery characteristics and showed how temperature affects the battery’s internal resistance. 
Higher temperatures result in lower battery resistance and lower temperatures increase 
battery resistance. In addition, battery resistance changes according to the SOC, with the 
highest resistance level at low SOC, which then reduces with increasing SOC and ends with 
higher resistance again at full SOC, as shown in Figure 3.5 [80]. Moreover, battery ageing 
affects its resistance, where battery cycling and calendar life lead to increased battery 
resistance.  






3.2 Lithium-ion Battery Equivalent Circuit 
As electrochemical devices, Li-ion batteries may be represented according to device 
behaviour. Figure 3.6 [79] shows the AC-impedance equivalent circuit of an Li-ion battery 
which includes the following parts: 1) inductance Le; 2) resistance Ro; 3) charge transfer 
resistance Rct; 4) double-layer capacitor Ddl; and 5) a Warburg element Zw. The general AC-
impedance of the battery could be written as: 
 





According to Figure 3.4, the AC-impedance circuit can be simplified as follows. At high 
frequencies, the double-layer capacitor Cdl will appears as short circuit and the inductance 




Le is large, and therefore the equivalent circuit could be represented as in Figure 3.7 (a). At 
medium frequencies, the inductance Le and Warburg element do not appear as a result of 
EIS curve so the simplified circuit will be as shown in Figure 3.7 (b). At low frequencies, 
the double-layer capacitor Cdl appears as open circuit and the inductance Le has no effect, so 




























Figure 3.7: Simplified battery AC-impedance equivalent circuit: (a) at high frequencies, (b) at midium 




3.3 Factors affecting battery degradation 
Several factors influence battery fading and increase capacity loss. Many research refer 
to increase the forming of SEI as the dominant reason for battery degradation. Consequently, 
there are factors causes SEI to growth. In general, variables affecting battery degradation 
can be divided into internal and external factors. Internal factors such as manufacturing 
quality have a major role in influencing battery degradation. External factors include 
temperature, state of charge (SOC), depth of discharge (DOD) and charging profile. 
3.3.1 Internal factors 
The characteristics of batteries are affected by the electrochemical properties of the active 
material used in manufacture. These determine the nominal voltage, minimum and 
maximum safety voltages. In addition, battery chemical type indicates the expected end of 
life in calendar and cycling life. Moreover, the suitable working temperature and the range 
of better working condition could be defined by battery type. Battery charger does not have 
action to change any of these characteristics.  
3.3.2 External factors 
External conditions such as the charging current, voltage, SOC, DOD and temperature 
have effects on battery degradation. In addition, the charging profile is a significant factor 
in affecting battery performance and ageing [64]. Some of these factors can be controlled to 
optimize battery charging and extend battery life without affecting performance. In fact, such 
control may even improve battery performance.  
Temperature 
Ambient temperature and battery temperature have significant impacts on the chemical 
reactions in the battery. Battery temperature could affect SEI growth [81, 82]. High battery 
temperature accelerates the increase in the battery’s internal resistance [54]. Figure 3.8 [83] 
shows the effect of ambient temperature on the battery cycle life showing that extremes of 
cold and high temperature will reduce battery life. Charging outside of this range is still 
acceptable but only at very low charging current. Tests of battery performance in different 
low temperature environment show a direct relationship between battery temperature and 




temperature and battery capacity loss, indicating that around 20 oC are the minimum battery 










Figure 3.8: Relationship between battery cycle life and ambient temperature.  





Battery charging and discharging is determined by the C-rate, where 1C refers to full 
battery capacity. Commonly, a battery with 1 Ah means that it could deliver 1 A in one hour 
and same for battery charging (charging at 1 A means full charge will reach in one hour). A 
high C-rate will lead to an increase in battery temperature due to its internal resistance. In 
addition, a higher transfer rate during charging will increase the stress on the battery’s 
electrodes, which may cause cracking. These effects could accelerate battery degradation. 
Furthermore, charging time is reduced with increasing C-rate up to a certain threshold. 
The C-rate affects battery temperature as a result of ohmic heating loss. As described in 
the previous section, this will affect battery degradation. Three main factors can be used to 
determine battery temperature according to the following equation: 
 
 ௕ܶ = ௔ܶ +




Where, Tb is the temperature of the battery, Ta is the ambient temperature. 
Battery charging plays an important role in controlling battery temperature. An adjustable 
C-rate could be used to control battery temperature. 
State of charge (SOC) 
The battery’s state of charge has a significant effect on battery degradation. High states 
of charge lead to the development of an SEI in the battery, which is reflected in reduced 
battery capacity and power due to changes in anode porosity [54, 75]. A state of charge 
reduced to half could extend battery life to more than double [87]. J. Lee et al. [88] 
introduced a method to measure SOC, which applies two frequencies to extract an equation 
that can be used to calculates battery SOC. 
Depth of discharge (DOD) 
One cycle life of the battery refers to 100% depth of discharge, which is the worst case 
of discharge depth. The amount of discharge effects on the degradation of the capacity and 




could extend battery life. In addition, the formation of dendrites is reduced [89]. Figure 3.10 
shows the relationship between battery cycles and DOD, where ACC refers to achievable 
cycle count. 
As a conclusion, the overall battery degradation life could be organised in the block 

















3.4 Summary  
In this chapter the characteristics and background theory of Lithium-ion batteries are 
presented. Factors which contribute to their behaviour are outlined. Understanding the 
chemical reaction and the electrical characteristics are the key to improve the battery life 
cycle. The physical effects such as temperature, frequency, charge/discharge rate, SOC and 
DOD on battery degradation process have been evaluated and presented. 
  













































4 Experimental design for Li-ion Battery charging 
profiles 
Lithium-ion batteries require special charging characteristics; these are defined as the 
charging profiles. The two main issues to consider in selecting a charging profile are: battery 
safety and degradation effects. The capacity of the Li-ion batteries is proportional to the 
charging current and maximum voltage limits, however increasing this voltage above 
manufacturers limits can risk overheating during charging, and can accelerate battery fading 
due to internal chemical reactions degrading the charge storage performance. 
The manufacturers suggest that Li-ion batteries should be charged using a charging 
profile with constant current-constant voltage (CC-CV). Research has investigated the 
design of battery chargers: to optimise the charging time, to control the battery temperature, 
to monitor battery internal parameters for example internal impedance therefore reducing 
losses and to extend battery life by reducing capacity degradation.    Research from Abdollahi 
et al. has adjusted the time of charging, the energy losses and the temperature rise of the 
battery to determine the CC-CV charging profile [91]. Other research focused into fast 
charging methods which applied fuzzy logic to control battery temperature to prevent battery 
damage [92].  
The work in this thesis, in part, focuses on charging profiles to increase battery life, and 
to manage the performance of the battery throughout its life. This thesis will evaluate a 
number of charging profiles including: standard (CC-CV) charging, rest (pulse) charging, 
trigger (discharge) charging and rest-trigger profiles. 
4.1  Standard Charging Profile 
The standard or conventional charging profile for lithium-ion batteries (Figure 4.1) is 
known as constant current-constant voltage (CC-CV) charging [93].  
This CC-CV profile provides a constant current so as to prevent battery overheating 
during charging, until the battery terminal reaches the maximum charging voltage based on 




to prevent excessive voltage until charging is complete. It is clear that charging capacity has 
faster and linear progress with constant current stage then slows down with the constant 
voltage section. The charging capacity (SOC) at the end of constant current stage depends 
on the maximum charging voltage (as advised by the battery manufacture), C-rate, and the 
battery chemistry and internal resistance as shown in Figure 4.2 &Figure 4.3). In the constant 
voltage stage, charging capacity is determined by the minimum charging current which is 
normally 0.1C-rate. This is used in order to reduce the time taken to charge the battery 
because, at very low charging currents, the increase in battery capacity will be very slow. 










Figure 4.2: The standard charging profile applied on Lithium Cobalt Oxide. 




4.2 Rest Charging Profile 
This is a type of charging profile, which is pulse based within the limits of the normal 
CC-CV charge profile.  Examples of rest charging profiles are shown in Figure 4.4 Figure 
4.5). The rest charging profile is at a low frequency with a mark space ratio of 1 to 1 (on/off). 
The overall shape of the charging profile is similar to the standard CC-CV charging profile. 
The advantage of this charging profile is to complete battery charging without overstressing 
the battery cells. This is achieved by reducing battery temperature and minimizing the 
increase in internal resistance through cycling, which are the main factors affecting battery 
performance. Moreover, controlling the battery internal impedance may extend the battery 
lifetime.  The rest charging profile provides a greater opportunity for the dissipating of heat 
from the battery pack with rest periods, which is known to improve battery health [86]. In 
contrast, because of the inclusion of rest time in the charging process, the time needed for 










4.3 Negative-Trigger Charging Profile 
This is another type of charging profile, which is based upon CC-CV, with a negative 
very short timed pulse applied periodically; Figure 4.6 illustrates the proposed charging 
profile which show the negative pulse within the charging process. This type of charging 
profile has been suggested and implemented by some developers and researchers. In one 
study [64], the authors compared the negative-trigger profile with other types and showed 
improvements in the fading of battery capacity and the internal resistance, where the trigger 
was applied only during the constant current part of the charging profile. 
The expected advantages of this profile and its theoretical background could be related to 
the SEI layer growing (see section 3.1). By applying a negative pulse during charging, we 
attempt to mitigate the growth on the SEI layer, through managing electrolyte 
decomposition. This negative trigger charging profile, reduces the potential growth on the 
SEI formed by electrolyte decomposition over battery cycling. Therefore, the reduction in 
growth on the SEI effectively manages one of the internal battery impedance factors. 
 





4.4  Negative-Trigger Plus Rest Charging Profile 
In this charging profile, the two previously mentioned profiles, rest and negative trigger 
are combined. This is where the charging pattern includes negative pulses and rest periods, 
the negative-rest charging pattern is shown in Error! Reference source not found. . A rest 
period appears after each negative-trigger.  
Highlighted within the charging pattern, shown in Error! Reference source not found. 
. Which was an additional complexity in charging performance. This was in relation to the 
charging mode switchover from CC to CV. The CC period noted shorter than expected, and 
determined that this was due to the ratio of the battery impedance to the battery holder 











4.5 Experimental Tests 
Experimental tests were conducted to analyse each of the four profiles mentioned above 
and to compare the differences in responses from each under the following conditions:  
 The same manufacturer, battery type, and capacity size was used in all tests.  
 The test environmental temperature was fixed for all selected profiles.  
 The same charging and discharging rates were used throughout.  
An Arbin machine [94] with controllable charger was used to apply different charging 
profiles and the electrical properties of the batteries were measured, including charging time, 
current, voltage, charge/discharge capacity, number of battery cycling and internal 
resistance. A climate chamber (is an enclosure used to control battery surrounding 
temperature) was used to eliminate any effect of environmental temperature on the tested 
battery. All factors which affect battery degradation and performance were kept consistent, 
with the key variable being the charging profile. Therefore, we highlight only the charging 




profiles in our results from a consistent baseline. Two types of batteries were used in the 
tests: Firstly, a Lithium iron phosphate (LiFePO4) battery was used with the standard, rest 
and trigger profiles with limited number of cycles and its properties were as follows: 
LiFePO4, 5 Ah capacity, 32650 model shape, 3.2 V rated voltage, 3.65 V maximum charge 
voltage, 2.0 V discharge cut-off voltage. A Lithium cobalt oxide (LiCoO2) battery was also 
used with all four profiles and the following battery properties: LiCoO2, 2.6 Ah capacity, 3.7 
V rated voltage, 4.2 V maximum charge voltage, 3 V discharge cut-off voltage. The tests 
were conducted in three stages: Stage one included the testing of the LiFePO4 battery up to 
140 cycles using the four profiles. Stage two included cycling the LiCoO2 battery up to the 
end of its life with three samples of each profile test to give robust confidence in the results. 
Finally, stage three focused on determining the effect of different mark-space ratios of the 
rest profile tests. 
4.6 Charging Profiles: Stage One 
The first tests were conducted to evaluate the effects of the charging profiles. The 
LiFePO4 battery type was used to investigate battery degradation behaviours when the four 
charging profiles were applied. The standard (CC-CV) charging profile was used as a 
reference to compare different battery responses among the other three profiles. The testing 
of battery life and behaviour using all four profiles was conducted over 140 cycles. 
4.6.1 Standard charge profile tests 
The charging pattern in Figure 4.1 was applied experimentally in the laboratory using the 
Arbin charger machine. Table 4.1 shows the charging sequence for one complete cycle. 
Initially, the Lithium-iron phosphate (LiFePO4) battery was used. The charging limits were 
a charge rate of 0.8C and a voltage of 3.65, the maximum charging voltage, and the 
discharging limits were a discharge rate of 0.8C and a voltage of 2.0, the minimum 
discharging voltage according to the manufacturer’s recommendations. Moreover, the cut-
off charge/discharge rate at 0.1C. The Arbin machine was set to charge in two stages: firstly, 
with constant current up to the maximum charge allowed to limit the acceleration of battery 
degradation, and then constant voltage up to the end of the charging period. The climate 
chamber was used to fix the ambient temperature at 25o C. Battery temperature was measured 
at the surface of the battery cell during the charging process. Figure 4.8 shows battery 




cycles because a difference in the temperature curves between the initial and second cycles, 
whereas the subsequent cycles had the same shape as the second cycle. It can be seen that 
battery temperature in the first cycle increased above the ambient temperature in the 
charge/discharge stage due to the power loss as a heat in the battery’s internal resistance 
according to Equation (4.1): 
 ௅ܲ = ܫଶ. ܴ (4.1) 
where PL is equivalent to the temperature changes, I is the charge/discharge current and 
R is the battery’s internal resistance.  
It is clear that changes in the battery’s temperature affect by two factors: First it can be 
seen that in the charging stage in constant current mode, the temperature increases up to a 
certain level and then in constant voltage mode the temperature decreases with charging 
current decreases as shown in Figure 4.8. Secondly, in the discharging stage, the temperature 
changes are due to another factor in addition to the discharging current which is due to 
change in battery resistance with respect to SOC (Section 3.1). Figure 4.9 shows the 
relationship between battery temperature and SOC, where the dashed line shows the 
recommended discharge limit because the battery’s temperature change will multiply at 
lower than 20% SOC (The reasons behind this selected limit is that the measured temperature 
at battery surface, will be lower than the internal battery temperature.) Our practical tests 
were performed between 10% and 90% SOC, which is not clear from the figure. 




. 100% (4.2) 
where: n is the number of cycles, Cn is the battery’s dischargeable capacity after n cycles 
and Ci is the initial battery capacity. 
No. Step Description 
1 Initial Short rest. 
2 Charge Charge with constant current until maximum terminal voltage is reached then charge with constant voltage. 
3 Rest Short duration. 
4 Discharge Discharge with constant current and constant voltage. 







Figure 4.8: Battery temperature under standard charging profile for LiFePO4. 





The degradation in battery capacity in respect of battery cycling with the standard CC-
CV charging profile within fixed environmental conditions is illustrated in Figure 4.10. The 
measurements are displayed as percentage values to normalise battery identity. The average 
level of battery degradation per cycle is 0.014 %. Furthermore, the internal resistance of the 
battery was approximately 60 mOhm. 
 
  
4.6.2 Rest charge profile tests 
All conditions which were applied in testing the standard charging profile have been 
applied to the rest profile. The C-rate, voltage limits and environmental temperature were 
the same with the only difference being the applied charging profile. The Arbin machine was 
set to charge for a specific period of time and then to rest, then this sequense was repeated 
until charging was complete, the discharging profile keeps same as in Table 4.2. The climite 
chamber was used to keep the environmental temperature at 25oC. Figure 4.12 shows the 
results for battery temperature with respect to the rest charging profile, the temperature 




















increases throught charging and decreases through the rest.  In addition, it can be seen that 
constant current charging in CC mode is low, because the resistance of the battery holder 
was higher than the battery’s internal resistance which caused switching to the constant 
voltage stage more quickly faster. As with the standard profile, battery temperature increases 
rapidly under 20% SOC due to the characteristics of the battery, as shown in Figure 4.11. 
 
No. Step Description 
1 Initial Short rest  
2 Charge Charge  rest (repeats periodically until complete charge)  
3 Rest Short duration  
4 Discharge Discharge with constant current and constant voltage 
 
From the Figure 4.13, we can see the degradation in the battery performance with the rest 
charging profile for LiFePO4. The average degradation in capacity per cycle is 0.012% in 
comparison with the value for standard charging which is 0.014% at the same working 
conditions, which has been published [95].   






Figure 4.12: Battery temperature under rest charging profile for LiFePO4. 





4.6.3 Negative-trigger charging profile tests 
The negative-trigger profile is the same as the standard CC-CV charging profile except 
that a triggered discharge takes place every periods of time as illustrated in Table 4.3. Figure 
4.15 shows the shape of the curves for charging current, voltage and temperature, while 
Figure 4.14 shows the relationship between battery temperature and SOC. Capacity fading 
in relation to number of cycles is shown in Figure 4.16. The average degradation per cycle 
is 0.0095 %, while it was 0.014 % for standard profile and 0.012 % for the rest profile. 
 
No. Step Description 
1 Initial Short rest  
2 Charge Charge  Trigger (Discharge repeats periodically until 
complete charge)  
3 Rest Short duration  
4 Discharge Discharge with constant current and constant voltage 
Table 4.3: Negative charging steps for one cycle. 






















Figure 4.15: Battery temperature under trigger charging profile for LiFePO4. 





4.6.4 Negative-trigger plus rest charging profile tests 
A combination of rest and negative-trigger charging profiles has also been tested. The 
charging steps are as illustrated in Table 4.4 and the relationship between current, voltage 
and temperature are plotted in Figure 4.17, whereas the relationship between temperature 
and battery capacity is presented in Figure 4.18. The fading in capacity of the battery with 
the trigger-rest profile is shown in Figure 4.19. The average percentage drop in battery 
capacity per cycle is 0.0089, which is the lowest of the four profiles. 
 
No. Step Description 
1 Initial Short rest  
2 Charge Charge  Trigger (Discharge)RestCharge (repeats 
sequently until complete charge  
3 Rest Short duration  
4 Discharge Discharge with constant current and constant voltage 
Table 4.4: Trigger-rest steps for one cycle. 

























Figure 4.17: Battery temperature under trigger-rest charging profile for LiFePO4. 





4.7 Charging Profiles: Stage Two 
In the second stage of tests, the LiCoO2 battery type has been used to assess the effects 
of different charging profiles. Three battery samples for each profile were tested to gain more 
confidence in the results. The four charging profiles were used to test battery degradation 
levels. The standard (CC-CV) charge profile was again used as a reference to compare the 
different battery responses in the other three profiles. Battery life and behaviour were tested 
using all four profiles up to the battery’s end of life, which was defined to be 80% SOC of 
the rated battery capacity. In addition, battery resistance per cycle and battery impedance 
were also measured. For profiles which contained rest periods, Electrochemical Impedance 
Spectroscopy (EIS) analyses were performed to optimize the most suitable frequencies. 
4.7.1 Experiment analysis for battery impedance 
As explained in section 3.1, battery impedance is affected by the frequencies of signals 
applied. An Ivium frequency response analyser (FRA) [96] was used to find the relationship 






















applied in order to reduce or eliminate any change in the battery’s SOC. A frequency range 
was selected between 1k-1m Hz which was sufficient to identify battery responses. 
Furthermore, tests were conducted at an SOC of 50% which shows battery at lower 
impedance. 
The results in Figure 4.20 illustrate the relationship between battery impedance and the 
range of applied frequencies. The x-axis represents the real (resistance) value of battery 
impedance, while, for simplicity the y-axis represents an inverted imaginary (reactance) 
value of battery impedance. Moreover, measurements were taken at different values of SOC. 
Changes in battery impedance with respect to battery SOC are shown in Figure 4.21. The 
value of resistance Rct is the main variable affected by changing SOC and reaches its 
maximum at very low values of SOC. Meanwhile the minimum Rct value is found at around 
50% SOC. Figure 4.22 shows the relationship between real impedance and applied 
frequency, showing that the value of frequency which gives minimum battery resistance in 
this type of battery is around 600 Hz. In addition, the battery’s SOC does not affect the 
optimum frequency value.  On the other hand, the optimal frequency of the imaginary value 
of battery impedance which gives minimum reactance changes with battery SOC as shown 








Figure 4.20: Battery impedance as a function of pulse frequency at different SOC. 








Figure 4.23: Imaginary values of battery impedance with respect to pulse frequency. 





The Arbin machine used cannot apply charging frequencies below 0.33 Hz, according to 
this limitation; Figure 4.24 shows the resistive values around 0.33 Hz applied pulses. Little 
difference is found between the optimal frequency and a frequency of 0.33 Hz except at low 
value of SOC, as shown in Figure 4.24. Meanwhile, the reactive impedance response values 
were very low and under 0.005 , which could be neglect any effect on battery charging 











4.7.2 Standard charging profile tests 
The curves for battery charging current, voltage and temperature have different shapes in 
comparison to those for the LiFePO4 batteries as shown in Figure 4.26, due to differences in 
the chemical material involved. From the curve in Figure 4.27, it can be seen that the battery 
temperature varies during the charging and discharging periods, and increases dramatically 
with a constant discharge current when the SOC is under 20%, which is the same effect as 
in the LiFePO4 battery. The average battery ageing for three batteries with error bar are 
shown in Figure 4.28, and the results show that the average reduction in battery capacity per 
cycle, calculated from the trend line, is 0.0219%. The internal resistance of the LiCoO2 
battery is 160 mOhm because the battery has a protection circuit which adds to the battery 
resistance. Batteries were cycled between 10 to 90 % of SOC with 0.8 C-rate, reaches the 
end of its life (set at 80% of rated capacity) after 830 cycles. Figure 4.29 shows the changes 
in battery resistance with respect to number of cycles. 
 






Figure 4.26: Battery temperature under standard charging profile for LiCoO2. 







Figure 4.28: Battery capacity fading under standard charging profile for LiCoO2. 




4.7.3 Rest charging profile tests 
The rest profile has been applied to the LiCoO2 battery but at a different frequency than 
for LiFePO4. According to the EIS tests and within the equipment’s limits, a charging pulse 
of 0.33 Hz applied with 2s of charging and a 1s rest period because of the charger’s 
limitations. All other conditions were the same as in the previous tests. The steps listed in 
Table 4.2 have been used with the LiCoO2 battery apart from the different charging limits.  
Figure 4.30 shows the battery’s charging current, voltage and temperature over two cycles 
where the first cycle started nearly at 50% SOC (The solid blue current graph represent a 
sequence of charging pulses at selected frequency which impossible to distinguish therefore 
a scoping done to show the pulse shape). Figure 4.31 shows the relationship between the 
SOC and temperature of the battery, in the discharging stage with constant current, where 
the battery temperature increases rapidly at low SOC. Figure 4.32 shows the fading in 
capacity per cycle for the rest charging profile. The capacity degradation has approximately 
linear fading if we ignore the initial few cycles, with an average fading equal to 0.016% per 
cycle. Figure 4.33 shows battery internal resistance changing with battery cycling. 
 






Figure 4.31: Relationship between battery temperature and SOC for LiCoO2 under rest profile. 





4.7.4 Negative-trigger charging profile tests 
The negative trigger charging profile has been applied in Figure 4.6. Table 4.1 shows the 
profile sequence for one complete cycle. The test is the same as the CC-CV charging profile 
but with a pulse discharge at the same C-rate and repeated interval is 0.0167 Hz.  Figure 4.34 
shows the relationship between battery current, voltage and temperature over two cycles. 
The changes in temperature during the charging and discharging stages, which are affected 
by charging current are shown in Figure 4.35. In addition, with a constant discharge current 
there is an increase in battery temperature due to the reduction in SOC to under 20%. The 
effect of battery cycling is shown in Figure 4.36. The capacity fading accelerating at the near 
end of battery life as shown in Figure 4.36 for the three cycled battery cells.  
  
 






Figure 4.34: Battery temperature under trigger charging profile for LiCoO2. 





A possible explanation to this phenomena behind accelerated battery degradation could 
refer to definition of SEI in ection 3.1. In normal process with a standard charging profile, 
charging only occurs in one direction, and the SEI layer grows with battery cycling due to 
electrolyte decomposition adding to the SEI. This growth causes the battery’s internal 
resistance to increase.  The trigger charging profile is thought to reduce the growth of the 
SEI, by periodically reversing the current inhibiting SEI growth.  The negative pulses within 
the trigger charging profile appear to reduce, or introduce cracking, into the SEI layer, which 
results in contamination of the anode carbon electrode, as presented in Figure 4.38 and the 
addition of electrolyte impurities on the anode carbon electrode will inhibit charge storage 










Figure 4.37: Lithium battery cell through standard charging profile. 




4.7.5 Negative-trigger plus rest charging profile tests 
The tests with the LiCoO2 battery have the same pattern as that used for LiFePO4, except 
with different frequency. The charging stage includes charging at 0.33 Hz with two second 
charge and one second rest plus one second trigger discharge at 0.0167 Hz. Figure 4.39 
shows the charging current, voltage and temperature in trigger-rest profile. Figure 4.40 
shows the relationship between the battery’s SOC and the temperature, where with constant 
discharging current the battery temperature increases rapidly at low SOC. Figure 4.41 shows 
the fading in battery capacity with respect to cycling. Battery fading up to 500 cycles are 
good, at around 0.0217% per cycle. After 500 cycles, battery degradation starts to accelerate 
with abnormal results as noted previously (section 4.7.4). When deploying the trigger rest 
charging profile, the charge time was longer with more negative trigger events; this could 
accelerate the degradation in the SEI layer, also degrading battery capacity. Noted in Figure 











Figure 4.40: Relationship between battery temperature and SOC for LiCoO2 under trigger-rest profile. 




4.8 Charging Profiles: Stage three 
To optimize rest profile charging, two different mark-space ratios have been tested, (66% 
mark, and 50% mark). These tests are applied again over three battery samples. The Arbin 
charging testing limits the frequency of operation such that we have to operate in relatively 
slow test patterns (1 minute). Therefore, for 66%, the mark is set as 40s and the space as 20s, 
while for 50%, the mark is set as 30s and the space set as 30s. The tests were conducted up 
to the end of battery life (80% of initial capacity).  
All tests have the same conditions, C-rate, temperature and depth of discharge. Figure 
4.42 shows battery capacity fading using pulse charging at 66% mark to space ratio. The 
average battery tests could have cycled up to 1000 cycle with this charging profile comparing 
with standard profile which is 830 cycle. While Figure 4.43 shows the increase in battery 
internal resistance during cycling.  
Finally, a test was performed using the CC-CV charging profile at a reduced C rate to 
compare with the average C rate of 66% mark to space ratio.  
Figure 4.44 presents the battery fading for a mark-space ratio of 50%, comparing this to 
the standard charging profile of Figure 4.28, we can clearly see the improvement in the 
number of cycles achieved in the new rest profile charging has nearly doubled the potential 
battery cycles (830 to 1490). The battery impedance following the ret charging profile 
appears to be similar to CC-CV standard charging profile in Figure 4.45, Figure 4.29. 
Comparing the average C rate of the rest charging profile at 66% mark-space ratio with 
an equivalent standard CC-CV charging profile (by adjusting the C rate) we observe no clear 







Figure 4.42: Battery capacity fading with pulse charging at 66% duty cycle. 
LF=Low frequency. 
























Figure 4.44: Battery capacity fading with pulse charging at 50% duty cycle. 
LF=Low frequency. 






Figure 4.46: Battery capacity fading with standard charging at 33% lower C-rate. 




4.9 Results of Analysis 
Two types of Lithium batteries were used to evaluate the battery characteristics with 
different charging profiles. For the first stage, LiFePO4 batteries were used with the 
(standard, rest, trigger and trigger-rest) profile patterns. Figure 4.48 shows the fading in 
battery capacity for the four charging profiles. It is clear that the standard profile has highest 
level of battery degradation in comparison to the other three profiles, with 0.014% drop per 
cycle. Secondly, the rest profile exhibits a capacity drop per cycle of 0.012%, which is better 
than that of standard profile. The trigger profile loss capacity is 0.0095% per cycle, which is 
better than the standard and rest profiles. Finally, the trigger-rest charging profile gives an 
average 0.0089% capacity loss per cycle, and this was the best profile achieved to extend 
battery life. Table 4.5 gives a numerical comparison of these profiles in terms of capacity 
and expected improvement in battery life. To calculate a change in battery life, it is assumed 
that the battery’s end of life is at 80% of nominal capacity, and then the total expected battery 
cycling for each profile is calculated using equation (4.3). After that the improvement in 








Standard 0.014 % 0 % 
Rest 0.012 % 16.6 % 
Trigger 0.0095 % 47.3 % 







NT is the total expected battery cycling before reaching 80% of initial capacity and 
CL is the capacity loss per cycle. 
 ܱܵܪூ = ൬
்ܰ௉ − ்ܰௌ
்ܰௌ
൰ ∗ 100% (4.4) 





SOHI is the ratio of improvement in charging profile, 
NTP is the total number of battery cycling for each profile, and 
NTS is the total number of battery cycles for the standard profile. 
 ܱܵܪூ = ൬
ܥ௅ௌ
ܥ௅௉
− 1൰ ∗ 100% (4.5) 
where, 
CLP is the capacity loss per cycle in the specific profile type, and 
CLS is the capacity loss per cycle in the standard profile. 
 
Table 4.5 illustrates the effects of different charging profiles on LiFePO4 batteries, and 
the expected improvement in battery life. According to the results, the trigger-rest charging 
profile leads to the lowest rate of battery degradation, which is because it combines the 
benefits of the rest and trigger profiles. 
 















Battery capacity comparison for LiFePO4




For the second stage, the results of battery cycling up to the end of life with the four 
charging profiles for LiCoO2 are shown in Figure 4.49. Shown in the graph, the data could 
interpret such that below 500 cycles the 3 new charging profiles appear that exceed the 
performance of the standard CC-CV profile. However, extending the test data beyond 500 
cycles introduces unexpected degradation in performance of two of the new profiles, 
negative trigger, and negative trigger rest profiles.  
From an investigation of the effect of charging profile on battery internal resistance, 
changes with respect to battery cycling are shown in Figure 4.50. The battery degradation 
curves, shows the internal resistance can also be divided into two areas: firstly, for the results 
up to 500 cycles and then up to the end of battery life. The results for average changes in 
resistance value up to 500 cycles in the battery characteristics per cycle and the expected 
changes compared to the standard profile are shown in Table 4.6. The results show the rest 
profile has the least effect on battery resistance, which is reflected in better battery 
performance due to lower battery losses and higher deliverable power and capacity. Equation 
(4.6) was used to calculate the degree of battery improvement. 
 ூܲ = ൬
ܴௌ
ܴ௉
− 1൰ ∗ 100% (4.6) 
where, 
PI is the ratio of battery performance per charging profile compared to standard profile, 
RS is the change in resistance per cycle for standard profile,  








Figure 4.49: Battery capacity profile comparison for LiCoO2. 

















Standard 0.0286 % 0.0148 % 0 % 0 % 
Rest 0.0217 % 0.0118 % 31.7 % 25.4 % 
Trigger 0.0260 % 0.0126 % 10 % 17.4 % 
Trigger-rest 0.0217 % 0.0126 % 31.7 % 17.4 % 
 
The trend in batteries cycling capacity results (Figure 4.49) for the trigger and trigger-rest 
profiles after specific cycles suddenly start to accelerate degradation. Similar effects appear 
on battery internal resistance results (Figure 4.50) with delay in response by few cycles 
where battery resistance increases rapidly. The probable reason for this change relates to 
changes in the SEI layer, where the discharge triggers expects to break the forming in this 
layer in these profiles. Breaks in SEI will allow for decomposed electrolyte material to pass 
to the anode and fill this available space. These reflect in reducing the space for Li-ions 
resulting in decreasing battery capacity. These decomposed elements on the battery anode 
increase battery internal resistance. This phenomenon shows a correlated relationship 
between battery internal resistance and battery capacity as shown in Figure 4.51. Results for 






up to 80% 
Battery life Notes 
Standard 830 100 % There is no change because 
standard profile is the reference 
Rest 1090 +31.7 % Batteries got 31.7 % extra life in 
compare to standard profile 
Trigger 790 - 4.8 % Batteries lost about 5% of life in 
compare to standard profile 
Trigger-rest 690 - 16.9 % Batteries lost about 17% of life in 
compare to standard profile 
 
Table 4.6: Comparison of results for the four profiles with LiCoO2 up to 500 cycles. 






For the third stage, two different mark-space ratios (66 and 50%) were tested in the rest 
charging profile at low frequency, with a benchmark CC-CV charging profile as a 
comparator. To show the different responses for each profile,  Figure 4.52 indicates that 
there is no clear difference in capacity degradation for 66% pulse charging at low frequency 
and an equivalent C rate CC-CV charging profile. The 50% mark-space ratio charge result 
shown in Figure 4.52, has no benchmark comparison to CC-CV charging, it is however a 
better performance as expected due to lower average charging C rate. 
Using the 66% mark-space ratio, rest charging has been tested at a low, and a high 
frequency, with the standard CC-CV charging profile as benchmark, to determine any effect 
from the frequency; this is shown in Figure 4.53. The frequencies applied in this test were, 
333 mHz (determined from the EIS analysis performed in Section 4.6) and 16.7 mHz both 
at 66% mark-space ratio. Demonstrated in Figure 4.53, the 66% rest profile charging at 333 
mHz has lower battery degradation compared to the both 16.7 mHz and the standard CC-CV 
charging profiles. Therefore, rest charging profile, with an optimal frequency supports 
extended battery life. 






Figure 4.53: Battery capacity comparison of 66% mark-space ratio and equivalent standard. 




The proposed profiles used are standard and rest charging profiles where rest profile 
showed consistent improvement in the battery state of health. The results described earlier 
showed that trigger discharge profiles may lead to accelerated degradation and therefore 
need further investigation.  
4.10 Summary 
Extensive tests have been conducted to assess the impact of different charging profiles on 
the degradation of battery characteristics. The standard benchmark test using CC-CV was 
the reference to compare all other charging profiles with. The rest profile with two cases: at 
low and high rest frequencies shows a reduction in battery degradation therefore extending 
battery cycles, the higher frequency rest charging profile produces lower fading in battery 
capacity. For the negative trigger charging profile, the first half of battery life shows a 
reduction in battery degradation, while the second half, produces accelerated battery 







5 Evaluation of the Effects of EVs on Power 
Distribution Networks  
The grid control has to deal with variable power generation from renewable energy 
sources and variable load demands. The number of EVs is expected to continue to increase 
and charging of EVs will results in increase in power demand. Therefore, charging of EV 
batteries will represent a major issue for power girds in the future, especially if charging 
occurs in periods of peak demand, as expected if charging is uncontrolled [7, 97-99]. The 
control of charging times to prevent peak demand periods and to charge during off-peak 
periods and when renewable energy generation is available will bring many benefits to the 
gird and the environment. If appropriately controlled, EV charging can be done during 
surplus generation from renewable energy sources. In this way, the combined impact on the 
grid of both EV renewable generation could be mitigated. 
Typical daily load profiles for a domestic household in summer and winter are shown in 
Figure 5.1 [98]. The selected profile is based on after diversity maximum demand (ADMD), 
referred to 55 house. The peak demand appears mainly between 17.00-22.00, which is the 
time after people finish work. On the other hand, the off-peak period is after midnight and 
up to around 7.00 a.m. This Figure also shows that the difference between peak and off-peak 
demand in winter may be up to 6.5 time. Meanwhile the difference is lower in summer 
because there is no need to use energy for heating. The power utility has to supply power 
with voltage limits between +10% to -6% of nominal value at LV distribution in the UK 
[100]. To analyse the effect of EVs on the distribution network, a typical distribution system 
has been used. 
5.1 Typical Distribution Network Model 
Power is transmitted from generation to the consumer through three main stages: 
transmission (high voltage), sub-transmission (medium voltage) and distribution (low 
voltage). EVs are charged from the Low voltage (LV) distribution networks, and therefore 




distribution network which is used to simulate the effects of different EV charging on the 
power grid. The distribution network model starts from 33 kV and ends with 400/230 V. The 
primary substation includes two 20 MVA, 33/11 kV and six feeders. 
Each feeder supplies eight 11/0.4 kV substations and each substation has four 400 V radial 
feeders. For simplification, only one 11 kV feeder with their 400 V distribution feeders and 
their connected loads has been modelled in detail. The other feeders with their connected 
loads have been represented as a lumped load. Each 400 V feeder is assumed connect to 55 
domestic loads (houses). In addition, several non-domestic loads are simulated and these 









33 KV, 500 MVA
33 / 11.5 KV
Transformers
(OLTC)




(Five 11 KV Feeders)
Lumped load
(11 / 0.4 KV Substations)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1716
Lumped load
(Three 400 V Feeders)
Loads on the detailed 400 V 
feeder
L2 L3 L4 L5 L6 L7
 
 
5.2 Analysis of Power Distribution Network 
To investigate the performance of the distribution grid, a modelling tool developed at 
Northumbria University has been used to calculate the voltage, current and loading at each 
node of the LV distribution network model shown in Figure 5.2. The tool uses Excel software 
and allows domestic and non-domestic loads to be represented, as shown in Figure 5.3. The 
LV radial feeder has six sections; each supplies a specific number of loads. In order to 
identify the effect of EV charging and load type on the performance of the distribution 
system, the analysis is divided into the following case studies: 
 
Figure 5.2: Typical distribution network model. 




5.2.1 Case 1: Distribution network with domestic loads 
For the power network shown in Figure 5.2, a demand of 55 house is used, divided as 
indicated in Table 5.1. The rating of the 11kV/400V transformer is 750 kVA and the feeder 
cable characteristics are given in Table 5.2. The loading of the LV transformer in per unit 
(pu) values for winter and summer is shown in Figure 5.4. The large difference between 
winter and summer demand is related to heating, which is not required in summer. As can 
be seen, the existing transformer rating is enough to cover the domestic requirements at peak 
periods. Figure 5.5 shows the voltage profile in pu across the LV feeder during winter and 
summer. Voltages for all nodes are within the voltage limits of +10 to -6% of rated voltage, 
and the last node voltage (V7) exhibits the maximum drop due to being the longest distance 





Bus /Line no. 12 / 2 13 / 3 14 / 4 15 / 5 16 / 6 17 / 7 
No. of houses 12 8 13 4 6 12 
  
 
Feeder no. 12 / 2 13 / 3 14 / 4 15 / 5 16 / 6 17 / 7 
Cable size (mm2) 120 120 70 70 70 70 
Length (km) 0.1 0.1 0.05 0.03 0.05 0.1 
Type (Material) Al. Al. Al. Al. Al. Al. 
 
  
Table 5.1: Number of houses at each LV network. 









Figure 5.6 shows the current in the LV lines under domestic load for winter and summer. 
All currents are within the cables ratings, so there is no need for extra infrastructure.  
a. Winter profile. 
Figure 5.5: LV feeders nodes voltages for domestic loads. 
a. Winter profile. 
Figure 5.4: LV transformer loading under domestic loads. 
b. Summer profile. 





5.2.2 Case 2: Distribution network with domestic loads and renewable energy 
The same domestic loads in case one are used here but with the additional of local 
renewable energy generation. It is assumed that each house has an average 3.18 kW PV 
system generation. Figure 5.7 shows the transformer loading with the effect of PV micro-
generation over winter and summer. This figure shows that PV generation is higher than the 
load demand at mid-day, and this extra generation causes reverse power flow (this 
demonstrates the need for a storage system). Moreover, there is an inverse relationship 
between generation from renewable energy and load demand, where in winter demand 
increases but renewable generation decreases and vice versa. While, the peak period has no 
clear changes in winter which is the worst case, at summer the peak period is reduced a little.  
The voltages at the busbars have changed according to the installed micro-grids, as shown 
in Figure 5.8 for winter and summer. Despite the increase in the voltage due to PV 
generation, the node voltages in winter are still within the limits. However, due to reduced 
demand and increased renewable generation in summer, the voltages at nodes 6 and 7 exceed 
the highest voltage limit. Figure 5.9 shows the currents in each branch of the LV feeder for 
winter and summer. As can be seen, at certain times during the day, the current reaches near 
to zero when PV generation is enough to cover the demand. It may also be noted that the 
current exceeds the cable limits in sections 2, 3 and 4 in the summer profile. 
 
 
a. Winter profile. 
Figure 5.6: LV feeders currents for domestic loads. 










a. Winter profile. 
Figure 5.7: LV transformer loading with renewable generation installed. 
a. Winter profile. 
Figure 5.8: LV feeder nodes voltages with renewable generation installed. 
a. Winter profile. 
Figure 5.9: LV feeder currents with micro grid installed. 
b. Summer profile. 
b. Summer profile. 




5.2.3 Case 3: Distribution network with domestic loads and EV chargers 
The modelling tool can simulate the demands of EVs in detail for domestic and public 
charging points. Two types of domestic charging are available with charging rates of 3 kW 
and 7 kW. 23 kW public charging point as well as 50 kW fast charging stations are also 
available. In addition, control options for defining start charging time, vehicle leaving time, 
battery SOC and the required final SOC are also available. It is assumed that there is one car 
for each house and the ratio of EV penetration is at three levels of 10%, 20% and 30 % of 
total car numbers. Only domestic charging at 3 kW is considered, with uncontrolled charging 
starting as soon as the vehicle arrives home, which is normally around 18.00 after work has 
finished. The initial battery SOC is assumed to be equal to 30% and charging is up to 100%. 
Analysis of the network during unscheduled EV charging 
Figure 5.10 show the effects of the introduction of EV at the three penetration ratios in 
winter and summer. The winter results indicate that the LV transformer reached its rated 
limit with a ratio of 10% EV. This suggests that if more EVs are to be charged without 
overloading transformer, the grid needs to be upgraded or EV charging is scheduled to occur 
during off peak periods. The results show that in summer, the transformer can cover the 
additional demand from EVs without any upgrading due to low domestic demand.  
To analyse the effects of EV charging on voltage levels, only the last node V7 has been 
selected because this is the most effected node. Figure 5.11 shows the effects of loading the 
LV network with different EV ratios in winter and summer. For winter, node V7 drops below 
the voltage limits for more than 20% EVs and the network needs to be upgraded for extra 
demand unless smart charging is adopted. Meanwhile, in summer the node voltages are 
within limits.  
To test the loading of the feeders and for simplicity, only the current in feeder 2 is 
analysed with different ratios of EV penetration. Figure 5.12 shows the current drawn during 
the day in winter and summer with unscheduled EV charging. In the winter season, adding 
the demands from EVs will overload the cable at peak periods, while in summer the feeder 



























apparent power without EV apparent power with 10% EV apparent power with 20% EV
apparent power with 30% EV rated limit
b. Summer profile. 






















apparent power without EV apparent power with 10% EV apparent power with 20% EV


























V7 without EV V7 10% EV V7 20% EV























V7 without EV V7 10% EV V7 20% EV
V7 30% EV up limit lower limit
a. Winter profile. 
b. Summer profile. 






















I2 without EV I2 10% EV I2 20% EV I2 30% EV rated limit
















I2 without EV I2 10% EV I2 20% EV I2 30% EV rated limit
b. Summer profile. 





Analysis of the network with scheduled EV charging 
If charging of EVs is delayed, for example to start at 1.0 a.m. in the off-peak period then 
the transformer loading is improved, as shown in Figure 5.13 for winter and summer. These 
results show that transformer overloading may be avoided (no grid upgrade would be 
necessary) if EVs charging is shifted to start during the off-peak periods in both winter and 
summer. This has economic advantages to both the grid operation and EV owners, as no 
extra infrastructure in the grid network is needed plus network efficiency is higher and EV 
charging will be cheaper at lower electricity tariffs during off-peak periods (with appropriate 
tariff). In addition, battery life will be longer under lower average SOC, as explained earlier 
in Chapter 3. Similar benefits are seen regarding network voltage profile. Figure 5.14 shows 
the voltages at node 7 with scheduled EV charging in winter and summer. The curves show 
that the voltages are within limits in both seasons. Figure 5.15 shows the feeder currents for 
line 2 with scheduled EV charging in winter and summer. The results in both cases show no 



































apparent power without EV apparent power with 10% EV apparent power with 20% EV
apparent power with 30% EV rated limit





















apparent power without EV apparent power with 10% EV apparent power with 20% EV
apparent power with 30% EV rated limit
b. Summer profile. 



























V7 without EV V7 10% EV V7 20% EV























V7 without EV V7 10% EV V7 20% EV
V7 30% EV up limit lower limit
a. Winter profile. 
b. Summer profile. 




































I2 without EV I2 10% EV I2 20% EV I2 30% EV rated limit
a. Winter profile. 
b. Summer profile. 




5.2.4 Case 4: Distribution network with domestic loads, renewable generation and 
scheduled EV charging 
As mentioned in the introduction of this chapter, there is a need to define smart charging 
profiles of EVs that complement generation profiles from renewable energy sources, which 
could reduce the impact of both on the grid. Therefore, the combined effects of PV systems 
and EV charging are analysed in this section. As shown earlier in Figure 5.7, PV generation 
can results in reverse power flow and this could lead to overloading of equipment or feeder’s 
voltage exceeding the statutory limits. Therefore, if the scheduled charging of EVs occur 
during PV generation periods of the day, then this could help reduce the reverse power flow 
as shown in Figure 5.16. This type of charging brings many benefits, such as there is no need 
for extra grid infrastructure, EVs can be charged using free renewable energy and losses are 
reduced by using EVs as storage for the grid.  
Figure 5.17 shows the voltages at node 7 for the winter and summer seasons. The winter 
profile shows that voltages are within the limits, while the summer profile shows how, with 
scheduled charging, the problem of over voltage due to micro generation has been resolved. 
Figure 5.18 shows the current in feeder section two in winter and summer. As can be seen, 
in winter, the currents are well within the cable’s rating. In summer, current overloading due 
to the micro-generation is reduced (due to the scheduled EV charging) but the effect is not 




































apparent power without EV apparent power with 10% EV






















apparent power without EV apparent power with 10% EV
apparent power with 20% EV apparent power with 30% EV
rated limit
b. Summer profile. 



























V7 without EV V7 10% EV V7 20% EV
V7 30% EV up limit lower limit























V7 without EV V7 10% EV V7 20% EV
V7 30% EV up limit lower limit
b. Summer profile. 






































I2 without EV I2 10% EV I2 20% EV I2 30% EV rated limit
a. Winter profile. 
b. Summer profile. 





Analysis of the LV distribution network with different loading and micro-generation 
profiles showed that uncontrolled EV charging could cause overloading in the distribution 
network at peak loading periods. Conversely, micro renewable energy generation will result 
in reverse power flow when levels of generation exceed the demand and this may lead to 
node voltages and line currents to exceed the limits during certain periods in the summer. 
The control of EV charging could improve grid efficiency and prevent the need for extra 
infrastructure. In addition, micro-grid generation could be supported by using EVs as storage 
thus reducing the need for grid scale storage systems. Furthermore, EVs could be charged 
using virtually free and environment friendly energy. Therefore, with smart charging control, 
EVs could be used as energy storage to support the grid and renewable energy generation in 







6 Proposed Smart Charge Controller for EVs: Design 
and Simulation  
Commercially available EV chargers have limited controllability. EVs need to be charged 
frequently and, due to their large battery capacity, with an average of 30 kW. This will have 
a large impact on the power grid, especially with the expecting rapid increase in EV numbers 
over the next few decades (see Figure 1.12). Therefore, controlled or scheduled charging has 
many advantages, some of which are explained in Chapter 5. Scheduled charging needs to 
take into account the requirements of EV user, including trip energy needs and trip starting 
time. It should also consider the effects of charging on grid performance, battery degradation 
and improvement of the efficiency of generation using renewable energy sources. Therefore, 
to design a smart controllable charger which makes decisions as to how and when to start 
charging, many constraints have to be taken into consideration and these need to contribute 
as inputs to the charger controller in order to make an optimal decision. 
The EV battery represents the main cost element of the vehicle. Therefore, selecting 
different charging profiles that reduce battery degradation, as described in Chapter 4, would 
extend battery life and reduce the total cost of ownership of the EV. Therefore, only two 
types of charging profile are selected which are the standard charging profile and the rest 
charging profile. In the design of the controller the extension of battery life and reduction of 
overall costs should be one of the main objectives. In addition, the effects on the distribution 
network from the integration of micro generation and EV demand as analysed in Chapter 5, 
will create many issues and affect the operation of the network, e.g. overloading transformer 
and feeders and violating voltage statutory limits. Accordingly, the grid structure may need 
to be reinforced if there is no control on the generation and demand sides. These points are 
considered in the design of the proposed smart EV battery charge controller.  
The current project aims to design a decentralized smart EV charge controller, which 
satisfies the EV owner and grid requirements. This research project is focused on the proof 
of concept, and therefore the developed controller could be adopted for either on-board or 




6.1 Definition of Controller’s Inputs and Outputs 
 As explained in Chapter 5, knowledge of the daily load demand is necessary in order to 
decide when is the most suitable time for the distribution network to start charging the EV. 
In addition, the cost of EV batteries is high, representing up to half of the total cost of the 
vehicle [17]. Therefore, a consideration of the factors affecting battery degradation is 
important when designing a smart charger. The requirements of the EV user are also a 
priority in designing the EV charger, and EVs should have sufficient charge for the intended 
journey. Moreover, taking into consideration power generated from renewable energy 
sources is another factor to consider when designing a smart battery charger, which in 
addition to be sustainable energy, it deals with the intermittent supply from micro-
generation. Therefore, the inputs to the smart charger can be divided into four categories: 
1. Grid/network data (tariff rate). 
2. EV user requirements (trip distance, departure time). 
3. Renewable generation prediction (weather forecast). 
4. Battery condition (SOC). 
The main charger controller output is used to define the C-rate, which will apply, using 
the controllable DC-DC converter stage of the charger, as follows: 
1. No charge/rest condition (output = 0) 
2. Charging status (G2V) (output signal > 0) 
3. Charging level is determined by the weight of the output signal; when an output 
signal = 0.5 means charge at 0.5C-rate 
 
A block diagram of the proposed EV battery charger with defined inputs/outputs and 



















The controller will make decisions according to real time input signals to satisfy all 
requirements concerning the optimal timing of EV charging. The controller output considers 
EV user and grid requirements, availability of renewable energy and battery SOC/SOH. The 
decision regarding the priority for optimal charging is determined based on the following 
priority hierarchy: 
1. EV user requirements come first, so that the charger should provide the energy 
needed to cover a trip within the required time. This means that the vehicle should 
be ready to use with a sufficient SOC for the desired trip or total daily use, as defined 
by the EV user. 
2. Extending battery life by controlling the charging profile in a way to reduce 
degradation and have minimal effect on the battery life. 
3. If a local micro-generation is available, the choice of charging period should give 
priority to times when there is a surplus generated power from renewable energy to 
charge the EV with free and environmentally friendly energy. 
4. Electricity tariff should also be a factor to consider in scheduling charge times, in 
order to reduce charging energy costs and the effect of EV loading on the grid. 
For most vehicles there will be sufficient time between plug-in and the time of using the 
EV. Therefore, the priority to charge according to user requirements does not mean that 




charging will occur at periods of peak demand unless the time available is not enough 
(charging will start immediately in this case). In addition, optimizing the charging process 
to reduce battery degradation usually means charging at lower C-rate, which will support the 
power grid by spreading charging times and reducing the possibility of creating peak loads. 
Moreover, the availability of power generated from renewable energy sources to charge EVs 
will improve the efficiency of electricity generation, reduce charging costs, reduce reverse 
power flow, and drive the EV using clean charging energy. Grid tariff price signals may 
come through smart meters, which may also reflect the behaviour of the network loading by 
setting the highest tariff at peak demands and cheapest at off-peak periods or when cleaner 
energy is available. 
 
6.2 Fuzzy Logic Controller 
The design of the proposed smart charge controller involves using the state variables that 
are difficult to describe mathematically, such as user requirements (trip distance, vehicle 
departure time), battery information, renewable generation and tariff rate. In addition, the 
need for multi objective optimization with several inputs makes the use of fuzzy logic (FL) 
rules more suitable for the smart controller. The advantages of FL controller are listed as 
follows: 
1. It has the ability to solve problems without highly accurate or complex data. 
2. Ease of representation of nonlinear and complex variables. 
3. Simplicity and flexibility in modelling. 
4. Fuzzy controllers are often robust. 
5. Ease of implementation. 
6. Deals with linguistic variables. 
 
Given the above advantages, the representation of a battery charger system with the 
complexity involved and the addition of engineering expertise and knowledge about battery 
chargers is easy with a fuzzy algorithm. The fuzzy controller of the proposed smart charger 




results, showing the advantages of the design in improving battery life and reducing the 
impact of EVs, are presented in the following sections.  
6.3 Data Input 
To design the smart charge controller, the inputs listed in Section 6.1 have been used. 
Each of these inputs will contribute to the controller’s decision making according to the 
defined fuzzy rules. Some calculations need to be prepared in which the fuzzy inputs could 
be analysed using fuzzy rules. 
EV user requirements 
The user requires the EV to be ready when he or she decided to start the journey. To 
optimize the charger controller, two types of information need to defined by the driver: First, 
the length of the journeys before charger become available again and second, the departure 
time. The controller will try to meet these requirements whilst keeping a low SOC in order 
to reduce battery degradation [54, 75]. Without this information from the EV driver, the 
charger has two options: Either charging could start as soon as the EV is plugged in, or 
optimize charging without information from the driver, which means the controller will work 
as previously defined and charge up to half SOC as a default condition and during cheaper 
tariff periods. To determine the user requirements for the fuzzy controller, the flow chart 
shown in Figure 6.2 needs to be followed.  
Initially, the EV user defines the trip length and departure time. From the trip length, the 
amount of energy needed to cover the required journey is calculated. In addition, the safety 
ratio of 20% SOC will add to energy requirements for the journey to cover any unexpected 
delays or cater for inaccurate calculations of the SOC (capacity) from battery management 
system (BMS) and reduce battery degradation. After that, the energy required to complete 
smart charging is calculated by subtracting the remaining energy in the EV battery from the 
energy required for the journey. This value will represent one of the fuzzy inputs. For a 
specific departure time, the charging time available will be calculated by subtracting the 




























Most domestic users have a single standard electricity tariff for charging throughout the 
day. In 1978, a new type of tariff called Economy 7 was introduced in the UK [101]. The 
Economy 7 tariff divides the day into two different periods with different electricity prices: 
one during the day, which is the higher tariff, and the other at night, during off-peak demand 
which is cheaper. The start and end times of the cheap period vary according to the region 
and season. In recent years, smart meters have been introduced which can provide dynamic 
tariff setting according to network operation. Dynamic tariffs are also called demand pricing, 
real-time pricing and variable pricing have been introduced [102-104] to achieve a match 
between generation and demand and to encourage consumers to shift the flexible demand to 




where surplus generation is available. A dynamic tariff system was tested in 2013 with law 
carbon London project [105]. Though smart meters have been deployed at a large scale in 
residential dwellings, currently, no tariff that employs dynamic pricing is in operation. 
However, for the proposed charger controller a dynamic tariff has been used which depends 
on daily load demand. Referring to Figure 1.3, the proposed dynamic tariff employs three 
price levels which are represented as shown in Figure 6.3 . The dynamic pricing profile may 
not only depend on demand but also on the cost of generation and to some extent the 
availability of renewable energy as well. In this proposal, a simple tariff is used as the 
objective to approve the smart control concept. 
 
 
Renewable generation (PV) 
The micro generation of power using renewable energy sources varies according to 
climate variations. Therefore, for PV systems this type of generation follows the seasons and 
the availability of sunlight incident on PV cells. Figure 6.4 shows the typical generation 
profile for the summer and winter seasons in p.u. values under same condition such as solar 




























panel angle and location. The proposed renewable energy generation used in this project 
refers to local generation only. 
 
Additional Controller’s Inputs 
In addition to the fuzzy controller inputs described earlier, data from the BMS is necessary 
to provide real-time information about the EV battery to the charger. In addition to the EV 
user’s requirements, grid tariff and PV profile information, the smart charger needs 
information such as the initial battery SOC in order to calculate the amount of energy need 
to charge the EV. Moreover, the BMS should provide data on the real SOC value during the 
charging of the battery so that the smart charger receives up-to-date information and operate 
in a closed loop feedback control. The BMS in EV batteries is usually designed to allow 
control of the charging rate for protection purposes, e.g. reduce charge rate in cases of 
excessive battery temperature.   
6.4 Control Strategy 
The aims of the smart charger are to provide sufficient energy to cover the user’s 
























to charge using power generated from renewable energy. The controller inputs will 
determine the charging process according to the definitions of fuzzy rules. Thus, the Fuzzy 
rules of the controller are defined as follows: 
 
 Satisfy the EV owner’s requirements 
The main objective of the fuzzy controller is to charge the EV with suitable 
amount of energy according to the user’s requirement. This objective is the 
charger’s first priority. The user defines the distance required for the journey and 
the departure time. Figure 6.5 shows the flexible charging time for the EV 
according to the user’s definitions, which is calculated according to the flow chart 
in Figure 6.2. This means that the flexible charging time is affected not only by 
the departure time but also by the amount of charge required. Here, ‘High’, 
‘Medium’ and ‘Low’ refer to level of extra (flexible) charging time, while, 











 Extend EV battery life 
EV batteries are expensive and care should be taken with charging as this could 
reduce capacity degradation and extend battery life, which will be reflected in 




lowering overall EV cost. As explained in Chapter 3, charging at a low C-rate and 
providing only the SOC required (lower average SOC) could support battery 
health. 
 
 Support the grid 
The user’s setting of journey length and departure time will allow the controller 
to schedule the charging time and C-rate so as to reduce EV charging demands 
and prevent peak demands on the grid. This may be accomplished by receiving 
tariff rate signals from the grid via smart meters. The proposed tariff concerning 
charging rates according to load profiles has been divided into three levels, as 
shown in Figure 6.6. The p.u. tariff values are extracted from the load demand 
data in Figure 1.3. The tariff value lower than 0.6 p.u. refers to the cheap price 
during off-peak demand, while, the rate between 0.6-0.8 p.u. refers to moderate 
price during middle demand, whereas values above 0.8 p.u. refer to expensive 
charging rates during periods of peak demand. For instance, the controller will 
prioritise charging during cheap periods unless the remaining charging time is not 
sufficient to wait until the next cheap period for charging to be completed before 
















 Charge from renewable energy generation 
Depending on the availability of local renewable generation, the controller will 
charge EVs from surplus micro-generation capacity. This will improve grid 
efficiency, reduce charging costs and make EV driving more environmentally 
friendly. Figure 6.7 shows the typical relationship between PV generation and 
domestic demand in summer and winter. There is a plenty of renewable generation 
available which is more economic to use locally in charging EVs rather than being 
supplied back to the grid. The only limitation is the availability of EVs for 




6.5 Fuzzy Logic Controller Design  
The charger input data have a variety of units, as in user requirements (miles, hours), grid 
tariff (£) and renewable generation (kWh), in addition to information from the battery (SOC). 
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The Nissan Leaf 30 kWh vehicle has been used as a reference for the calculations, for 
which the average energy consumption is about 230 Wh per mile for combined city and 
highway roads during a mild weather [106]. The energy consumption is affected by many 
factors, such as driving behaviour, road type and temperature. For better accuracy, dynamic 
consumption should be used, for simplicity, average values are used in this work.  
The battery SOC is used to estimate the available energy and this is indicated according 
to battery voltage which exhibits non-linear behaviour. Figure 6.8 shows the relationship 
between the battery’s open circuit voltage (OCV) and the SOC, where the test was conducted 
under a rate of 0.01C discharge.  The fifth order empirical equation has been derived from 
the curve with a high fitting ratio (R2=0.9955), and the disturbance under 5% SOC could be 
neglected because the recommendation is not to discharge under 20%. The battery 
management system has to provide information about the battery SOC and temperature. In 
the present case, the OCV will be used to estimate the initial or remaining battery energy. 
Therefore, equation (6.1) is used to define the initial battery charge:  
 
 ݕ = 1319.6ݔ
ହ − 23686ݔସ + 169325ݔଷ − 602484ݔଶ + 10଴଺ݔ
− 752441 (6.1) 

























   
6.5.1 Fuzzy inputs 
From the flow chart in Figure 6.2, the design inputs for the charge controller in Matlab/ 
Simulink are as shown in Figure 6.9.  Renewable generation will be subtracted from the 
domestic load so as to use the surplus energy to charge the EV (if it is plugged in). The grid 
could provide a dynamic tariff system to help in balancing demand and generation, which 
could be divided into current and predicted tariff. The predicted tariff depends either on the 
scheduled grid tariff or historical tariff. Two pieces of information from EV users needed: 
journey length and departure time. Journey length is then divided by the vehicle full range 
for an average driving range of 105mi for the Nissan Leaf to find the required SOC. In 
addition, a value of SOC of 20% is added to the required journey to prevent the battery from 
fully discharging and to reduce degradation effects (Sec. 4.7.2). Equation (6.2) is used to 
find the required SOC which the charger has to provide. Meanwhile, departure time is used 
to calculate the charging available time by subtracting the plugin time from departure time. 
Equation (6.3) is then used to define the available charging time. In this work, it is assumed 
that the BMS provides EV battery SOC and battery temperature implicit to control by BMS. 
For simulation purposes, equation (6.4) is used to measure the progress of charging. 
 
 ܱܵܥ்௢௣ି௨௣ = ܱܵܥோ௘௤௨௜௥௘ௗ − ܱܵܥ஺௩௔௜௟௔௕௟௘ (6.2) 





   


















6.5.2 Fuzzy Logic system 
Fuzzy systems can deal with realistic and linguistic variables which depend on degree of 
truth, including values between 0 and 1 rather than binary systems which have extreme true 
and false values of 1 and 0 which then use an if-then rule base. Therefore, fuzzy logic is 
more applicable for systems with inherent uncertainty. In the proposed design, extreme 
conditions are used as well to ensure clear fuzzy decisions. Fuzzy systems have three main 
















Figure 6.9: Controller inputs in Matlab Simulink. 
Renewable Generation 
Grid tariff 
User requirements  
BMS 






The fuzzifier is the first block in a fuzzy system, where the controller inputs are received 
and numeric data is converted into linguistic variables, where it becomes a fuzzy input set. 
To do that, the range of input values and the membership function for each input must be 
defined. The fuzzy inputs will be divided into several levels according to the required design. 
In addition, there are several membership function such as triangular, trapezoidal and others, 
but in the present design these function are used only as they satisfy the requirements of the 
system.  
The Mamdani type has been used for inference due to the use of minimum implications. 
















(b) Predict tariff. 
 
 
(a) Flexible time. 
 
(b) Required SOC 
 
Figure 6.12: The grid membership function. 





The controller is the main part of the fuzzy system where all the knowledge base and rules 
to be followed are defined. The knowledge base represents the facts behind the rules and 
linguistic variables, including information from the literature and the conclusion of the tests 
results. In addition, the rules which followed fuzzy logic. Fuzzy rules are defined according 
to the controller strategy as discussed in section 6.4. The applied fuzzy rules are listed in 
Appendix B.  
Defuzzifier  
The output required from the smart charger is used to control the charging period via 
control of the times charging is started and stopped and to control the C-rate. The 
membership function for the output is shown in Figure 6.14. The smart controller determines 
the optimal C-rate which satisfies the user requirements, the grid situation, charging with 




6.6 Simulation of EV Smart Charger 
The performance of the smart charger may be validated against several scenarios which 
are applied to the controller. The charger has to decide the best C-rate for the EV battery and 
when to start and stop charging according to defined rules. The initial battery SOC is 
assumed to be 10%, which is the minimum recommended to prevent an acceleration in 
battery degradation. In addition, the smart charger uses data from user’s requirements, grid 




tariffs and the availability of power from renewable energy to make decisions. The 
specification of the proposed charger is equivalent to a 3 kW (Home type) charger unit.  To 
evaluate the performance of the developed controller and its response to each input or a 
combination of inputs, the scenarios described below have been simulated and analysed.  
Controller response to meet EV user requirements  
The EV user usually defines the required journey length and the departure time. 
Therefore, several tests were carried out with different user requirements, whereas all other 
controller inputs such as grid tariff and renewable generation are kept constant. Several cases 
were considered, based on the statistical data about EV use that was presented earlier in 
section 1.1, Figure 1.8 and Figure 1.9. Since 84% of user journeys will not exceed 25 miles, 
this distance was used as a reference for the scenarios. Meanwhile, most departures start 
between 06.00 to 09.00 in the morning and most returns occur between 16.00 up to 20.00 in 
the evening on working days when users are likely to plug in their vehicles for charging. 
Another scenario was selected for the weekend, assuming holiday trips of up to 50 miles and 
delays in departure time up to 12.00 noon. A summary of the scenarios selected is given in 
Table 6.1. In addition, two cases were simulated: First, charging EV up to full charging or 
second, charging EV with sufficient charge to cover the journey distance according to user 
requirements. Moreover, most tests were conducted over 48 hours to show the period in 
which the EV is plugged in. Each figure concludes two graphs (a & b), where (a) represents 
the charging time and rate, while (b) shows battery SOC. 
Concerning about user requirements only, Figure 6.15 shows the response of the smart 
charge controller, the battery will immediately start charging when the vehicle is plugged-
in. The controller will calculate the plugging period besides the comparing of required SOC. 
If charging time at full rate is lower than connected time, the controller will reduce charging 
rate (to reduce battery degradation factor) till reach the SOC required. In addition, for 
charging up to full, the controller will reduce the charging rate further (because the user’s 
requirements have been satisfied and reduction in battery degradation can be achieved) and 
continue charge either to the full charge or when vehicle plugged-out. While, Figure 6.16 
shows the same response of previous Figure 6.15 except it will stop charging as soon as user 
requirements satisfy (to reduce average SOC which reduce battery calendar aging). The 




rate is lower because the plugged-out time is shorter. The results of Figure 6.18 are similar 
to Figure 6.16 because the plugged-out time for both scenarios are after satisfy of user 
requirements. Figure 6.17 shows the controller response with delayed starting according to 
scenario three and continue charging till plugged-out. Meanwhile, Figure 6.18 has same 
results of Figure 6.17 except it ends by user requirements. Figure 6.19 is the same response 
of Figure 6.17 but at lower connected period. The results of Figure 6.20 and Figure 6.18 are 
equal. Figure 6.21 has longer period of charge to the user requirements because the weekend 
journey expected to be extended compared with weekdays. Therefore, time needed for 
charging is longer then continue toward the full charge. Figure 6.22 shows the Simulation 
results up to the end of user requirements.  
 
 
Scenario  Plug-in time Plug-out time Distance required 
One 16.00 09.00 25 miles 
Two 16.00 06.00 25 miles 
Three 20.00 09.00 25 miles 
Four 20.00 06.00 25 miles 
Five 20.00 12.00 50 miles 
   
 
 








Figure 6.15: Controller response for scenario two toward full EV charge: (a) charging rate; (b) battery SOC. 
time (h) 








Figure 6.17: Controller response for scenario three toward full EV charge: (a) charging rate; (b) battery SOC. 
time (h) 








Figure 6.19: Controller response for scenario four toward full EV charge: (a) charging rate; (b) battery SOC. 
time (h) 








Figure 6.21: Controller response for scenario five toward full EV charge: (a) charging rate; (b) battery SOC. 
time (h) 





Controller response to meet EV user requirements and charge at cheap electricity tariff 
In this scenario, the battery smart charge controller adjusts the charging current based on 
both the user’s requirements and grid defined tariff input signals. Tow tariff signal applied, 
one for current tariff and the other is predict tariff (proposed three hours early the current 
tariff).  Therefore, the same scenarios described in Table 6.1 are used but now with grid tariff 
included as an additional inputs to the smart controller. The two main steps are follow by 
the controller to make the smart charge decision: First, the controller check the plugging 
period if it longer than charging time needed at full rate toward user requirements; Second, 
the controller check the tariff price and lock up for the cheapest period (off-peak).  
Figure 6.23 shows the controller response, where vehicle will not start charging in periods 
of peak demand when high tariff rates assumed and the vehicle plugged time is longer than 
charging time required till cheap tariff comes (lower charging cost and support to the grid). 
Charging continued till end of user requirements, if cheap period still available then charging 
continues at lower charging rate toward full charge. Whenever tariff price increase and user 
requirements satisfied, the smart controller stop charging. Meanwhile, Figure 6.24 shows 
same response of Figure 6.23 except that it will stop when user requirements satisfied and 
charging in the off-peak period with a cheaper tariff rate was enough to cover the EV user 
requirements. Figure 6.25, Figure 6.27 and Figure 6.29 have same response of Figure 6.23 
because the changes in plug-in and plug-out times were at high price tariff which the 
controller will not charge. Similarly, Figure 6.26, Figure 6.28, and Figure 6.30 show same 
results of Figure 6.24 due to same reason of plugging intervals. As can be seen from Figure 
6.23, an extra charging to a level higher than the user’s requirements will occur during the 
off-peak periods in order to reduce charging cost and to prevent grid stress. Finally, in 
scenario five the controller will continue charging at medium tariff until the user 








Figure 6.23: Controller response for scenario one with grid tariff toward full EV charge: (a) charging rate; (b) 
battery SOC; (c) grid tariff; and (d) predict tariff. 
time (h) 
Figure 6.24: Controller response for scenario one with grid tariff toward user requirements: (a) charging rate, 







Figure 6.26: Controller response for scenario two with grid tariff toward user requirements: (a) charging rate; 
(b) battery SOC; (c) grid tariff; and (d) predict tariff. 
time (h) 
Figure 6.25: Controller response for scenario two with grid tariff toward full EV charge: (a) charging rate; (b) 







Figure 6.28: Controller response for scenario three with grid tariff toward user requirements: (a) charging 
rate; (b) battery SOC; (c) grid tariff; and (d) predict tariff. 
time (h) 
Figure 6.27: Controller response for scenario three with grid tariff toward full EV charge: (a) Charging rate; 







Figure 6.29: Controller response for scenario four with grid tariff toward full EV charge: (a) Charging rate; 
(b) battery SOC; (c) grid tariff; and (d) predict tariff. 
time (h) 
Figure 6.30: Controller response for scenario four with grid tariff toward user requirements: (a) charging rate; 







Figure 6.32: Controller response for scenario five with grid tariff toward user requirements: (a) charging rate, 
(b) battery SOC; (c) grid tariff; and (d) predict tariff. 
time (h) 
Figure 6.31: Controller response for scenario five with grid tariff toward full EV charge: (a) charging rate; (b) 




Controller response to meet EV user requirements, charge at cheap electricity tariff 
and high PV generation 
Except for the scenario 5 the previous scenarios given in Table 6.1 will not show the 
controller’s response taking renewable PV generation into account because the selected 
plug-in period EV was mainly during the night. Therefore, another scenario is used in the 
day time to clarify the controller’s response, where it is assumed that EV plug-in is at 09.00 
in the morning at the workplace and plug-out is at 17.00 in the afternoon with 15 miles for 
the EV to cover to return home. To charge using power from renewable energy generation, 
only surplus renewable energy is used to charge the EV. Therefore, the available PV 
generation is measured by subtracting the PV generation from the load demand, as shown in 
Figure 6.33. Figure 6.34 shows the controller response considering the availability of PV 
generation, where charging starts immediately because the flexible charging time is low 
(under 1 hour) and the grid is not at peak demand. In addition, because PV generation is 
available, charging continues at the lower rate, although the grid tariff is not at its cheapest 
period (due to the availability of PV generation, which was set to take priority). For 









Figure 6.33: Renewable generation winter profile: (a) PV generation; (b) load demand; and (c) surplus PV 
generation. 
time(h) 
Figure 6.34: Controller response with PV generation availability toward full EV charge: (a) charging rate; (b) 






Controller response to meet EV user requirements, electricity tariff and PV generation 
with rest charging profile 
The controller response when applying ‘rest’ charging profile (described in section 4.2) 
is tested using the same above scenarios listed in Table 6.1. The frequency of rest profile is 
adjusted at lower than the proposed frequency to show the shape of the sample. Figure 6.36 
show the controller output toward full EV charge due to the effect of user requirements, grid 
tariff and PV generation including rest charging profile to reduce charging impact on battery 
degradation. Figure 6.37 shows the response up to the end of user requirements. As 
illustrated in Figure 6.36 & Figure 6.37, the C-rate has increased to compensate for change 
in the average charging rate due to the introduction of the rest period.  
time (h) 
Figure 6.35: Controller response with PV generation availability toward user requirements: (a) charging rate; 






Figure 6.36: Controller response with applied rest profile toward full EV charge: (a) charging rate; (b) battery 
SOC; (c) grid tariff; and (d) surplus PV generation. 
Figure 6.37: Controller response with applied rest profile toward user requirements: (a) charging rate; (b) 






Matlab/Simulink was used to simulate the proposed smart charge controller and demonstrate 
its functionality. Fuzzy logic rules were used to make the controller decisions according to 
the inputs applied and the rules set which depend on knowledge acquired from the literature 
and battery tests. The Simulation results show that the proposed controller has several 
advantages compared to uncontrolled charging. These are: Charging rate is optimized to 
reduce battery degradation and extend battery life; Support power network by preventing 
peak demand and reduce charging cost if dynamic tariff is applied. Charging is achieved by 











7 Proposed Smart Charge Controller for EVs: 
Experimental work 
The proposed smart EV controller was simulated using Matlab/Simulink and results 
obtained, described in Chapter 6, demonstrated the response of the controller to different 
operating scenarios with respect to user requirements, electricity tariff (based on grid 
loading), and PV power generation profile. In order to validate the simulation results, a 
small-scale experimental smart controller was developed in the laboratory using dSpace 
ds1103 data acquisition board [107]. A dSpace interfacing unit was used to transfer data and 
controller commands between the controller (built in Matlab/Simulink environment) and the 
hardware of the controllable charger (a dc/dc converter). In addition, information regarding 
the battery SOC and renewable energy generation from a local 1 kW PV system were fed in 
real time to the controller through dSpace analogue to digital converter (ADC) input/output 
terminals. The experimental work allowed comparative analysis between the simulation and 
experimental results and helped in gaining better understanding of the physical interaction 
between different parts of the system. 
The hardware system includes a CC-CV control standard charging profile, which ensures 
that the charging current and voltage do not exceed the rated values specified by the battery 
manufacturer. The maximum charging voltage is set by a defined reference value whereas 
the C-rate is defined by the smart controller. Therefore, two control levels are used; the 
higher level defined by the smart controller while the lower level control defined by 
hardware experiment circuit.  
To validate the operation of the smart controller, several scenarios were applied. The user 
defines the required journey length and departure time. A predefined dynamic tariff profile 
has been applied. PV generation is measured in real time from the 1 kW PV system that 
feeds power to the laboratory network. A single Lithium-ion battery cell was used to show 





7.1 Test Bench 
The experimental smart charger has three main parts. Firstly, the Matlab/Simulink 
controller model where the controller’s functions, analysis of data and calculations are 
conducted and the final decision is made. Secondly, the dSpace board which is used for 
communication between the controller in Matlab/Simulink software and the hardware 
system (DC-DC converter). The dSpace board has 4 analogues to digital (ADC) channels 
and 8 digital to analogue (DAC) channels. Finally, the controllable DC-DC hardware circuit 
responds to external control signal from the smart controller (C-rate) and control the 
maximum charging voltage of the battery. The test bench also includes the battery cell, DC 
power supply and measurements devices.  Figure 7.1 shows the block diagram of the 
proposed experimental smart charger, where the connection lines and data flow are marked 
on the diagram. Figure 7.2 shows the dSpace (DS1103) and the interface board. DSpace is a 
very useful tool for the control of a real-time system by sending controller commands to the 
hardware system from the software controller and the response from the hardware can be 
measured and sent back to the controller system. In the implementation of the experimental 
work, the interface board has 4 A/D channels and 8 D/A channels. Figure 7.3 shows the 






































7.2 Controllable DC-DC converter 
The proposed design of the smart charge controller produces a suitable control signal to 
set the charging times and rates. This control signal is fed to a purpose built dc-dc converter 
which controls the battery’s charging current in response to the applied control signal. Two 
main parameters are important in charging the battery: The C-rate (during constant current 
charging phase) and the maximum charging voltage (during the constant voltage charging 
phase). For a specific battery type, the maximum charging voltage can be set as a fixed value 
(taken from the battery data sheets), while the C-rate depends on the decision of the smart 
controller in response to external signals, explained in Chapter 6. Figure 7.4 shows a 
schematic diagram of the controllable dc-dc converter. The main part in the converter circuit 
is the TL494 PWM controller, where the main objective of this chip is to generate a PWM 
signal to control the MOSFET switches. The TL494 chip has two error amplifiers, one of 
which is used for voltage control and the other for current control, as shown in Figure 7.5. 
The current error amplifier receives the C-rate signal control from the smart controller. In 
addition to the PWM chip, the IR2110 driver chip (see Figure 7.4) is used to drive the 
MOSFET switches. The dc-dc converter has two isolated power suppliers, one to run the 
circuit and the other as main power supply for battery charging.  
 




The selected frequency for the TL494 chip is 55 kHz. The PWM is generated by 
comparing the sawtooth signal with feedback voltage signal as shown in Figure 7.6. The 
outputs of the TL494, shown in Figure 7.7, are used to trigger the half bridge circuit: One 
signal to trigger the upper side of bridge circuit whilst the other signal (inverse mode) 
triggers the lower side of the bridge circuit. To avoid the two MOSFET from working at 
same time in the half bridge circuit, a delay circuit was added to insure that the first signal 
is fully off with sufficient time delay before starting the next driving signal as shown in 
Figure 7.8. The switching off time is about 37 ns according to the datasheet. Figure 7.9 shows 
the applied triggering signals to drive the half bridge circuit, where the triggered duty cycle 
depends on the reference control signal as well as the feedback signals from current and 
voltage of the battery cell. Some distortion may be noted in the control signals, which is 


















Figure 7.5: Block diagram of the TL494 chip. 






Figure 7.7: TL494 high and low side outputs. 





7.3 Experimental Results 
The experimental smart charger, shown in Figure 7.1, was developed using 
Matlab/Simulink to perform the control function, the dSpace DS1103 board to interface the 
PC to the controllable dc-dc converter circuit. Battery cells type LiCoO2, LG (18650), 2600 
mAh and normal voltage 3.6 V were used in the experiments. 
7.3.1 Smart control unit 
As explained before, the smart charge controller has been developed in Matlab/Simulink 
which interface with the charger hardware system through input/output peripherals through 
the dSpace DS1103 interface board. The peripheral board have analogue to digital (ADC) 
and digital to analogue (DAC) connection ports. The data and feedback signal such as PV, 
tariff and battery SOC are connected to peripheral board. In addition, the controller output 
comes through DAC port. The smart controller which is developed in Matlab/Simulink is 
shown in Figure 7.10 and has been implemented through dSpace board.   
 
 





7.3.2 PV generation 
A 1 kW PV system shown in Figure 7.11 is installed and feeds power to the laboratory 
power distribution network, where the experimental charger is also connected. The PV 
system has two data cables which provide the a.c. voltage and current generation. To 
determine the amount of PV power generation, the two signals representing the current and 
voltage are processed (multiplied), assuming unity power factor. Due to the noise in PV 
signals, a filter was used to smooth the results. Figure 7.12 shows a sample of the measured 
signal representing the PV power generation according to the measured signals before and 
after being filtered. The PV signal was scaled at (10000/1) ratio and the dSapce divide the 
input signals by 10 as well. For example, a measured signal with amplitude of 0.008 is 
equivalent to 800 W. The negative sign of the PV output shown in Figure 7.12 indicates that 
power is generated and this is fed into the grid system. 
 
 













Figure 7.11: Solar photovoltaic electricity system installed and connected with the laboratory. 




























7.3.3 Controller performance with DC-DC converter  
To test the smart charger experimentally, the scenarios listed in Table 7.1 have been 
applied. The first scenario was conducted in day time where the PV generation is active. 
When surplus PV generation is available, the EV plug–in time (user defined) is set to high 
and the required battery charge is set to medium.  Figure 7.13 shows the battery charger 
response for scenario one (PV generation). The C-rate represents the output from the 
controller and B-current is the measured battery charging current. The measured charging 
current include some noise, which is due to radio frequency interference and instruments 
effects but the main shape (profile) is clear. As can be seen, the results demonstrate how the 
smart charger determines when to start charging based on EV user requirements and PV 
availability (the green line represents the PV generation signal). One of the controller’s 
priority rules is to charge from renewable energy whenever possible. In addition, the PV 
generation curve represents the surplus generation after deducting the local (home) demand. 
Note that the measurements have been scaled to make it easier to compare the results. 
 
Name Scenario Plug-in time Required SOC 
Smart 1 PV only High Medium 
Smart 2 Grid only High Medium 
Smart 3 PV + Grid High Medium 
Smart 4 PV + Grid  Short Medium 
 
For the second scenario, it is assumed that PV generation is not available and the grid 
generation has been assumed which is subject to the dynamic tariff implemented, with same 
other conditions of plug-in time and charge required. Figure 7.14 shows the smart charger 
response for the second scenario. According to the defined fuzzy rules, the smart controller 
provides charging only at off-peak periods and reduces the charging rate to reduce the impact 
on the grid and battery fading. Being able to use estimate (predict) tariff in the near future 
helps the controller to know the up-coming tariff so that it may adjust the charging rate in 




order that the required charge is reached according to user requirements and before the end 
of the cheap period. 
During periods when PV generation is available and dynamic tariff is applicable, the 
smart charge controller will determine a suitable charging profile, as shown in Figure 7.15. 
It is clear that under the availability of local renewable energy generation, the controller will 
charge the EV without considering the electricity tariff because PV represent environment 
friendly and is free energy. In addition, the charging rate will be higher in order to take 
advantage of available free PV generation. Conversely, when there is no renewable energy 













Figure 7.14: Smart charger response under dynamic tariff only. 





The final scenario shows the controller response if EV connection time is not sufficient 
to reach the required SOC as defined by the user driving requirements. There are two 
possibilities for this case: first one if the initial plug-in time is not enough to get the required 
charge under highest C-rate; in this case the controller will start charging immediately 
without due consideration to other conditions, as shown in Figure 7.16 (a). The second case 
is when there is extra time to optimize the charging process but this time is not long enough 
to allow optimum charging. In this case, the smart controller will keep monitoring the 
remaining charging time till it reaches the limit where the smart controller will start charging 
at the highest possible rate, as shown in Figure 7.16 (b). The dashed line represent the limits 








Figure 7.16: Smart charger response when EV plug periods not sufficient, (a) the available charging period 





7.3.4 Controller performance in pulse charging mode 
The results presented in Chapter 4 showed that rest charging profiles can help in 
extending battery life by reducing degradation effects. Therefore, pulse charging has been 
tested using the smart controller with new machine because the previous dc-dc converter has 
filter circuit on the output as in Figure 7.4 which has limitation with regard to response to 
pulses. For this reason, another machine has been used to validate smart controller response 
which called MA350 as shown in Figure 7.17. This machine is a part of collaboration with 
Doshisha university and was built by the team there. It can respond to an external signal to 
shape the charging process to any profile required, including pulsating. The control signal 
(determined by the proposed smart controller) was applied to the MA350 machine and 
pulsed charging was executed, as shown in Figure 7.18 (a & b). The controlled signal is a 
results of controller inputs and fuzzy rules. The pulse charging help extend battery life by 
reducing degradation effects. The applied pulse signal has 50% mark-space ratio and in order 


















Figure 7.18: Smart controller response with pulse charging, (a) the controller response for tariff and PV 




7.4 Summary  
Experiment tests using the proposed smart charger (embed in Matlab/Simulink) together 
with dSpace board and a controllable DC-DC converter have been used to validate the 
theoretical analysis and simulation results. A purpose built MA350 machine was used to 
implement the rest charging profile. The tests conducted in two parts: first using the 
controllable DC-DC converter for standard CC-CV charging and the secondly using the 
MA350 controllable charger for applying pulse charging. The results show agreement with 
the results obtained from the Simulation, subject to time adjustments when real time tests 
were applied. Moreover, the experimental results have some noise due to radio frequency 
interference and measurements equipment’s effects. The results confirm the need for smart 
control (and pulsed charging) and demonstrate how these can meet the user requirements 





8 Conclusions and Future work 
8.1 Conclusions 
This study investigates the effects of introducing EVs on the power grid, the relation with 
renewable generation and possible solutions for smart charging of EVs. The increase in 
number of EVs is expecting to continue as one of the solution for climate change and GHG 
emission. This highlights the possible impact on electricity network due to considerable 
energy/power demand required for charging EVs. Current EV sales are still limited (less 
than 2%), which is largely due to the high initial cost, concern about battery life and 
availability of charging infrastructure. Developments in EV battery technology and 
manufacturing as well as economy of scale are leading to reduced EV cost, improved battery 
performance and increase in EV sales as compared to previous years. The interaction of 
renewable energy with the power grid can affect the grid stability due to the uncertainty and 
intermittent nature of renewable energy generation. EVs can be used as storage to support 
the grid and renewable energy integration. Smart charging of EVs from renewable energy 
sources will improve the environment, support the grid and help reduce the total cost of 
ownership of EVs by generating extra income for the EV owner from providing ancillary 
services to support the grid. 
The analysis presented in Chapter 5 demonstrated that charging of large number of EVs 
will have significant impact on the power distribution networks unless smart control of 
charging process is implemented. The results of analysis of a typical distribution network in 
the UK showed that the distribution network capacity may be exceeded under certain 
conditions, e.g. 10% of houses having EVs and these are charged during the evening peak 
demand, which is the likely scenario after people finish work. The results demonstrated that 
the effects will be overloading of the LV transformer during peak demands, and potential 
drop of the voltages, particularly at the far end of the feeder below the statutory limits. The 
results also showed that the combined effects of EVs and PV generation over 24h period 
could be complementary. One of the main outcomes of the analysis is the possibility of using 




Therefore, overloading of the distribution network and the need for expensive 
reinforcements may be avoided. 
The use of EVs to support the grid may be further extended to include V2G; that is the 
EV is used to provide energy during peak demand and charged during off peak and when 
renewable energy generation is available. Using EVs to support the grid in V2G mode, 
means that the battery will be cycled more often and this will have impact on battery life. 
V2G will accelerate battery degradation due to charge increasing battery cycling, which 
demands further investigation to solve this issue. As explained in Chapter 3, previous 
research analysed the factors that affect battery degradation and suggested possible methods 
to reduce the deterioration in battery capacity. In this project (Chapter 4), a comprehensive 
work has been conducted to develop charging profiles which have lower impact on charging 
of Li-ion batteries. The results obtained in the simulation and experimental work show that 
charging of Li-ion batteries at certain frequency that correspond to the lowest internal 
impedance minimizes the degradation process and extend battery life. These results are very 
encouraging and should help encourage EV owners to use their EVs to support the grid and 
renewable energy integration, without having to worry about the impact of this on battery 
life. Implementation of these charging profiles emphasize the need for smart charge 
controllers for EVs. 
The results obtained from the analysis presented have contributed to the design of smart 
battery charger, which was built in Matlab/Simulink. Chapter 6 gives details of the Simulink 
model, which employs fuzzy logic type controller to make the decision of charging time and 
charging rate according to the defined rules. The control inputs include: user requirements, 
which are defined by the journey length and departure time; battery SOC to indicate the 
initial battery capacity and calculate the amount of energy required; gird tariff, which is 
defined by the peak and off peak demands; renewable generation in order to manage 
charging time and charge form clean energy available as much as this is practically possible.  
Simulation results presented in Chapter 6 demonstrated the controller functionality in 
smart charging EVs and as follows: Priority is given to guarantee (as much as practically 
possible) that the EV will have the required SOC to cover the required user journey on the 
departure time specified by the user. Charging during grid peak demand periods is avoided 




as specified by the user. Charging from PV generation whenever this is available to get 
advantage of cheap and clean energy. Finally, charging at low charging rate and using 
optimized charging profile to reduce battery degradation and improve battery performance. 
An experimental laboratory model of the charge controller was developed and used to 
validate the simulation results. The empirical charger was tested and results obtained 
(presented in Chapter 7) validated the simulation results.  
 
8.2 Future work 
Few of the charging profiles implemented in the current research showed initial 
improvement in battery performance during the first part of battery cycling but then 
accelerated battery degradation after specific number of cycles (towards the second half of 
the total number of cycles expected). These profiles are the negative trigger and negative 
trigger plus rest profiles. Further investigation is needed to analyse the electro-chemical 
effects of proposed charging profiles on Li-ion battery. A hybrid profile which switches 
between different profiles, could provide the optimum solution to minimize battery 
deterioration. Further, the speed of charging need also to be considered so that improved 
charging profiles may be implemented without introducing undue delays.  
The existing work depends in calculating the initial SOC for average driving conditions, 
and further investigation is needed to optimize the smart controller so that it can cater for 
different driving conditions such as urban, rural, hot or cold weather.  
The current design of the smart controller focus on smart charging only. Future work may 
be conducted to develop the hardware that has bidirectional capability to enable V2G 
operation. Also, further work may consider extending charging rate to deliver higher power 
rate and at variable switching frequencies. 
Considering battery charging and degradation costs are very important in deciding when 
G2V and V2G bring best benefits to the EV user (or not); this needs to be investigated and 
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Electrochemical Impedance Spectroscopy (EIS) [108] 
EIS is one of the most important methods used to analyse electrochemical properties and to 
describe the characteristics of electrochemical materials. By suppling a small AC signal with 
a range of frequencies the responses to the applied signals can be analysed as they reflect the 
electrical properties of the materials tested. 
EIS Principles and Procedures 
To test the EIS of any electrochemical components, a signal v(t)=Vmsin(wt) with a frequency 
f=w/2, is applied for the analysis of the component. The current i(t)= Imsin(wt+) should 
appear as shown in Figure A1. The term  represents the phase difference between the 






The responses of capacitors and inductors as follows: 
 i(t)= C.[dv(t)/dt] 
 v(t)=L.[di/dt] 









And according to Ohm’s law, 
 Z(jw)=V(jw)/I(jw), 
Then, 
For a capacitance Z(jw)=1/j.w.C 
And for inductance Z(jw)=j.w.L 
The magnitude and direction of Z(jw) can be shown as the vector sum of a and b as 
follows: 
 Z(jw)=a+jb=Z1+Z2 
 Z1=|Z|cos() & Z2=|Z|sin() 
 |Z|=ඥ(ܼଵ)ଶ + (ܼଶ)ଶ
మ ,  =tan-1(Z2/Z1) 
Then with each frequency applied different values of Z1 and Z2 will results depending on the 
material properties, unless the material exhibits pure resistance in which case it is not 



















Fuzzy system rules 
 








N C C Emergency H VH 
N C C Emergency M VH 
N C C Emergency L VH 
N C C L H M 
N C C L M M 
N C C L L L 
N C C L Extra L 
N C C M H M 
N C C M M L 
N C C M L L 
N C C M Extra L 
N C C H H L 
N C C H M L 
N C C H L L 
N C C H Extra L 
N C M Emergency H VH 
N C M Emergency M VH 
N C M Emergency L VH 
N C M L H H 
N C M L M M 




N C M L Extra L 
N C M M H M 
N C M M M L 
N C M M L L 
N C M M Extra L 
N C M H H M 
N C M H M M 
N C M H L M 
N C M H Extra L 
N C E Emergency H VH 
N C E Emergency M VH 
N C E Emergency L VH 
N C E L H H 
N C E L M H 
N C E L L H 
N C E L Extra L 
N C E M H M 
N C E M M M 
N C E M L M 
N C E M Extra L 
N C E H H M 
N C E H M M 
N C E H L L 
N C E H Extra L 
N M C Emergency H VH 
N M C Emergency M VH 
N M C Emergency L VH 




N M C L M M 
N M C L L L 
N M C L Extra VL 
N M C M H L 
N M C M M L 
N M C M L VL 
N M C M Extra VL 
N M C H H L 
N M C H M VL 
N M C H L VL 
N M C H Extra VL 
N M M Emergency H VH 
N M M Emergency M VH 
N M M Emergency L VH 
N M M L H M 
N M M L M M 
N M M L L L 
N M M L Extra VL 
N M M M H M 
N M M M M L 
N M M M L L 
N M M M Extra VL 
N M M H H VL 
N M M H M VL 
N M M H L VL 
N M M H Extra VL 
N M E Emergency H VH 




N M E Emergency L VH 
N M E L H H 
N M E L M M 
N M E L L L 
N M E L Extra VL 
N M E M H M 
N M E M M M 
N M E M L L 
N M E M Extra VL 
N M E H H L 
N M E H M L 
N M E H L L 
N M E H Extra VL 
N E C Emergency H VH 
N E C Emergency M VH 
N E C Emergency L VH 
N E C L H L 
N E C L M L 
N E C L L VL 
N E C L Extra VL 
N E C M H VL 
N E C M M VL 
N E C M L VL 
N E C M Extra VL 
N E C H H VL 
N E C H M VL 
N E C H L VL 




N E M Emergency H VH 
N E M Emergency M VH 
N E M Emergency L VH 
N E M L H L 
N E M L M L 
N E M L L VL 
N E M L Extra VL 
N E M M H VL 
N E M M M VL 
N E M M L VL 
N E M M Extra VL 
N E M H H VL 
N E M H M VL 
N E M H L VL 
N E M H Extra VL 
N E E Emergency H VH 
N E E Emergency M VH 
N E E Emergency L VH 
N E E L H H 
N E E L M M 
N E E L L L 
N E E L Extra VL 
N E E M H L 
N E E M M VL 
N E E M L VL 
N E E M Extra VL 
N E E H H VL 




N E E H L VL 
N E E H Extra VL 
A C C Emergency H VH 
A C C Emergency M VH 
A C C Emergency L VH 
A C C L H H 
A C C L M M 
A C C L L M 
A C C L Extra L 
A C C M H M 
A C C M M M 
A C C M L M 
A C C M Extra L 
A C C H H M 
A C C H M M 
A C C H L M 
A C C H Extra L 
A C M Emergency H VH 
A C M Emergency M VH 
A C M Emergency L VH 
A C M L H H 
A C M L M H 
A C M L L M 
A C M L Extra M 
A C M M H M 
A C M M M M 
A C M M L M 




A C M H H M 
A C M H M M 
A C M H L L 
A C M H Extra L 
A C E Emergency H VH 
A C E Emergency M VH 
A C E Emergency L VH 
A C E L H H 
A C E L M M 
A C E L L M 
A C E L Extra L 
A C E M H M 
A C E M M M 
A C E M L L 
A C E M Extra L 
A C E H H M 
A C E H M L 
A C E H L L 
A C E H Extra L 
A M C Emergency H VH 
A M C Emergency M VH 
A M C Emergency L VH 
A M C L H H 
A M C L M M 
A M C L L L 
A M C L Extra L 
A M C M H M 




A M C M L L 
A M C M Extra L 
A M C H H L 
A M C H M L 
A M C H L L 
A M C H Extra L 
A M M Emergency H VH 
A M M Emergency M VH 
A M M Emergency L VH 
A M M L H H 
A M M L M H 
A M M L L M 
A M M L Extra L 
A M M M H H 
A M M M M M 
A M M M L L 
A M M M Extra L 
A M M H H M 
A M M H M M 
A M M H L L 
A M M H Extra L 
A M E Emergency H VH 
A M E Emergency M VH 
A M E Emergency L VH 
A M E L H H 
A M E L M M 
A M E L L L 




A M E M H M 
A M E M M M 
A M E M L L 
A M E M Extra L 
A M E H H M 
A M E H M M 
A M E H L L 
A M E H Extra L 
A E C Emergency H VH 
A E C Emergency M VH 
A E C Emergency L VH 
A E C L H H 
A E C L M M 
A E C L L M 
A E C L Extra L 
A E C M H M 
A E C M M M 
A E C M L L 
A E C M Extra L 
A E C H H M 
A E C H M L 
A E C H L L 
A E C H Extra L 
A E M Emergency H VH 
A E M Emergency M VH 
A E M Emergency L VH 
A E M L H H 




A E M L L M 
A E M L Extra L 
A E M M H H 
A E M M M M 
A E M M L L 
A E M M Extra L 
A E M H H M 
A E M H M M 
A E M H L L 
A E M H Extra L 
A E E Emergency H VH 
A E E Emergency M VH 
A E E Emergency L VH 
A E E L H H 
A E E L M M 
A E E L L M 
A E E L Extra L 
A E E M H M 
A E E M M M 
A E E M L L 
A E E M Extra L 
A E E H H M 
A E E H M M 
A E E H L L 
A E E H Extra L 
 
Where, 




   A   Available. 
Tariff    : C   Cheap. 
   M   Medium. 
   E   Expensive.  
Flexible time : Emergency  Not enough to complete required SOC. 
   L   Low. 
   M   Medium. 
   H   High. 
Required SOC : H   High. 
   M   Medium. 
   L   Low. 
   Extra   There is surplus SOC over that required. 
C-rate (Output): VH   Very high. 
   H   High. 
   M   Medium. 
   L   Low. 
   VL    No charge. 
 
